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Abstract 
 
 Photo-oxidative stress is one of the key factors that can induce bleaching in reef 
organisms. With the decline of coral reefs and recurrent bleaching events, many studies have 
focused on understanding the mechanism behind this phenomenon.  Two of the hypotheses that 
explain how the photosynthetic performance of the symbiont is affected and influences bleaching 
are: (1) disruption of the photosynthetic pathway by direct damage to the photosystem II (PSII), 
and (2) by inhibition of the Calvin-Benson cycle. In this dissertation I examine different aspects 
of photosynthetic performance in symbiont-bearing reef organisms and how this is influenced by 
symbiont loss and changes in photic stress as a result of different levels of irradiance modulated 
by time of the year (e.g., season) and depth; and take a closer look into primary productivity by 
symbionts with controlled laboratory experiments. 
 Field experiments during 2012–2013 at Tennessee Reef, FL, assessed the photosynthetic 
performance of PSII in the diatom-bearing foraminifer, Amphistegina gibbosa, and the 
anthozoans: Palythoa cariabeorum, Siderastrea siderea, and Montastraea cavernosa.  Data 
collected for the bleaching trends of A. gibbosa revealed that bleaching rates are higher in the 
summer months than in winter. Photochemical efficiencies of PSII in A. gibbosa, as measured 
with PAM fluorometry on the day of collection, were more variable in the shallow site (6 m) 
than in the deeper site (18 m).  Also, photochemical efficiencies at the shallow site were lower 
during the summer months than during winter months. At the 18 m site, photochemical 
efficiencies did not exhibit a clear seasonal trend. Depth also had an effect on the measured 
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photochemical efficiencies of the anthozoans. Photochemical efficiencies were lower and more 
variable in colonies at 6 m compared to colonies from 18 m. Although previous studies have 
reported seasonal effects on the photochemical efficiency of some coral colonies, that trend was 
not apparent in this study. 
Photoacclimation and productivity were assessed for A. gibbosa using rapid light curves 
(RLC) and photosynthesis vs. irradiance curves (P-E). Maximum relative electron transport rate 
(rETRmax) as described by RLCs was significantly different between A. gibbosa without visual 
signs of bleaching and those with severe bleaching. Individuals with partial bleaching had a 
rETRmax that was intermediate between the other two categories. The P-E curves showed a 
similar trend. In this case individuals that were non- or partly bleached had significantly higher 
photosynthesis maxima than those with severe bleaching. The onsets of photosynthesis and 
saturation irradiance were not significantly different among the categories of bleaching analyzed. 
Results from this dissertation suggest that A. gibbosa has the capability to detect and digest 
damaged symbionts, that the symbionts even in the deeper chambers react in a similar way to 
irradiance, but that in severe cases of bleaching the symbionts may not produce enough energy to 
sustain the requirements of the host, even in non-stressful conditions. 
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Chapter 1. 
Introduction 
 
Rationale 
   
The demise of stony corals continues to be an important topic among coral-reef 
researchers. Coral-reef stability can be affected by a range of factors, including coastal 
urbanization, and photic and thermal stress (e.g., Lesser 2011; Mebrahtu et al. 2013). The algal 
symbionts in reef corals can experience photo-oxidative stress beginning in early summer, only 
visibly exhibiting symbiont loss (bleaching) in the later summer (Baker et al. 2008). The 
literature suggests that bleaching can be linked to damage in the photosynthetic pathways in the 
chloroplasts of the algae (Tchernov et al. 2004; Stat et al. 2006).  
Benthic foraminifera that host algal symbionts, can serve as alternative model systems for 
understanding photo-oxidative stress in organisms with algal symbionts. Members of the genus 
Amphistegina, with symbiotic diatoms, are abundant on reefs and carbonate shelves at tropical to 
warm-temperate latitudes nearly worldwide. They are also prone to bleaching, characterized by 
deterioration and digestion of the diatom symbionts induced by photoinhibition and temperature 
stress (Talge and Hallock 2003; Schmidt et al. 2011).  
This dissertation explores the use of two different technologies to evaluate the photosynthetic 
performance of endosymbionts in anthozoans and foraminifera based on the following premises: 
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a) Larger benthic foraminifera, which host algal endosymbionts, can serve as model 
organisms for understanding photo-oxidative stress in algal-host holobiont systems, 
including reef-building, zooxanthellate corals.  
b) Photo-oxidative stress initiated by an increase in solar radiation is one of the precursors 
of coral bleaching. 
c) A well-functioning photosynthetic apparatus has the capacity to acclimate and prevent or 
repair damage during photoinhibition. 
 
Organisms of Study 
 
Coral reef communities are being exposed to various stressors of environmental and 
anthropogenic origin. The development of bioindicators, specifically those with algal symbionts, 
is a low-cost alternative to monitor the water quality of coastal ecosystems and their 
conduciveness to reef development (Hallock et al. 2003). Larger benthic foraminifera are useful 
bioindicators in the studies of reef health, since their abundance has been positively correlated 
with clear waters and high coral cover (Hallock 2012 and references therein).  In addition, long-
term monitoring programs provide an outlook on the yearly variations of coral benthic cover, 
coral health, and biodiversity. The specimens of interest in this study—symbiont-bearing 
foraminifera and anthozoans— were selected based on their potential of being indicators of reef 
heath and resilience. 
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Amphistegina gibbosa 
The foraminifera genus Amphistegina can be found throughout tropical and subtropical 
reefs and carbonate shelves around the world at depths down to 120 m (Langer and Hottinger 
2000; Hallock 1999). Amphistegina gibbosa (Fig. 1.1) is the predominant species of the genus in 
the Caribbean and western Atlantic (Hallock 1988a,b; Williams 2002). This species has a 
symbiotic relationship with diatoms. Culture studies by Lee et al. (1995) report that A. gibbosa 
can host a variety of diatoms, with Nitzschia frustulum var. symbiotica being the most 
predominant. On the other hand, recent molecular analyses by Barnes (2016) found that more 
than 98% of the diatoms’ 18S and rbcl sequences belong to the diatom family Fragilariaceae. 
These diatoms can be found in pore cups along the periphery of the individual chambers and 
occur within the endoplasm of the foraminifer (Talge and Hallock 1995, 2003; Hallock et al. 
2006).   
Bleaching was first documented in field populations of A. gibbosa in summer of 1991 
(Hallock et al. 1992). This phenomenon is characterized by paling of the coloration and the 
appearance of white spots or “mottling” as a result of the degradation of the diatoms symbionts 
and the hosts’ cytoplasm (Talge and Hallock 2003). In the Florida reef tract, the bleaching 
pattern for A. gibbosa closely follows the seasonal changes of solar irradiance, with increasing 
percentages during spring and early summer, and population recovery during the winter months 
(Williams et al. 1997). Moreover, laboratory studies report the sensitivity of A. gibbosa to even 
quite low irradiance levels, with signs of bleaching and photoinhibition at irradiances ranging 
between 13–40 µmol photons m-2 s-1 (Hallock et al. 1986; Williams and Hallock 2004; Walker et 
al. 2011). Although these are low values compared to how much irradiance can reach the sea 
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floor, these values can be explained by the negative phototaxis of the host, which allows it to 
modulate its exposure to light (Williams 2002).  
 
Benthic Community in the Florida Reef Tract 
 Coral reefs along the Florida reef tract have been heavily impacted by environmental 
factors over the past 50 years. The latest Coral Reef Evaluation and Monitoring Project report 
(Ruzicka et al. 2010) documented a significant decline in stony coral and sponge coverage since 
1996, with octocorals and macroalgae becoming more predominant. This decline has been 
attributed to deterioration of water quality, Diadema antillarum die-off, massive bleaching 
events, and diseases such as white-band disease, that have decimated major reef builders, 
especially Acropora spp. and Orbicella spp. (Williams and Bunkley-Williams 1990; Glynn 
1996; Hernández-Pacheco et al. 2011). Despite the overall trend of decline, there are some 
species of anthozoans whose benthic cover has remained relatively unchanged, especially in the 
reefs along the Middle Keys (Ruzicka et al. 2010). 
  Some of the most widely distributed species along the Florida reef tract are Porites 
asteroides, Millepora alcicornis, Agaricia agaricites, Montastrea cavernosa, and Siderastrea 
siderea. The latter species has actually shown an increase in its distribution. A similar trend has 
been reported for the zoanthid Palythoa caribaeorum (Ruzicka et al. 2013).  
 
What Does Photosynthetic Performance Reveal? 
 
The portability and waterproofing of instruments such as the Walz Diving-PAM have 
made pulse-amplitude modulated (PAM) fluorometry a popular technique used in the study of 
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endosymbiont health in corals and foraminifera. This instrument measures changes in 
photochemical efficiency in the form of maximum quantum yield (i.e., Fv/Fm) of photosystem II 
(PSII) (e.g., Schreiber 2004; Ralph et al. 2005; Nobes et al. 2008; Warner et al. 2010; Sinutok et 
al. 2013). Photochemical efficiency can be interpreted as the capacity of the algae to 
photosynthesize. Photoinhibition is a term used to describe photosynthetic impairment largely 
related to photoinactivation of the protein D1 in PSII (Hill et al. 2014). This damage is caused by 
high irradiance and is considered extreme when the rate of damage to D1 exceeds the rate of 
repair (Takahashi et al. 2009). Degradation of this protein has been directly related to declines in 
Fv/Fm of PSII (e.g., Warner et al. 1999). The PSII core is not the only site of the photosynthetic 
apparatus that is susceptible to damage due to photo-oxidative stress. Other sites of damage are 
light-harvesting complexes (i.e., antennas), the oxygen-evolving complex, photosystem I, and 
thylakoid membranes (Hill et al. 2014 and references therein).  
 Light-response curves provide another way to assess photosynthetic performance of the 
algae (e.g., fluorescence/rapid light curves, oxygen evolution, carbon fixation). These curves can 
indicate photosynthetic capacity as well as the autotroph’s potential activity over a wide-range of 
light intensities (Ralph and Gademann 2005). Light curves have three regions: light-limited, light 
saturated, and photoinhibited. The response to light is examined by a variety of parameters 
(Consalvey et al. 2005; Ralph and Gademann 2005): 
• α: rising slope of the initial linear, light-limited part of the curve; how efficiently the 
organism can convert solar energy to chemical energy 
• Pmax: maximum rate of photosynthesis; curve plateau 
• β: declining slope after the curve reaches plateau; indicates photoinhibition 
• Ek: light saturation coefficient; calculated as Pmax / α 
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• rETR: relative electron transport rate; approximation of the rate at which electrons are 
pumped through photosynthesis 
 
The quantification of these parameters allows for statistical analyses of the influence that 
factors such as pH, irradiance, water motion, and photosynthetic pigment concentration and 
composition can have on a photosynthetic organism. 
 
Major Questions 
 
a) How does the photochemical efficiency of Amphistegina gibbosa holobionts and of 
selected anthozoan colonies change seasonally?  
b) How is photochemical efficiency affected as the A. gibbosa holobiont (foraminifer-
diatom) is exposed to environmental stressors (e.g., light and thermal stress) and loses its 
symbionts (i.e., bleaches)? 
c) Does the process of bleaching detectably influence net productivity and photo-
acclimation capabilities of the A. gibbosa holobiont? 
 
Overview of Dissertation 
 
 In addition to this Introduction, this dissertation is composed of three chapters with a 
central theme of photo-oxidative stress and photosynthetic performance within two kinds of 
algae-host relationships: diatom-foraminifer and dinoflagellate-anthozoan. The final chapter 
showcases the overall conclusions and future directions. 
	   	   7	  	   	   	  
• Chapter 2 describes the seasonal variations in photochemical efficiencies of the 
diatom-bearer A. gibbosa. This work was submitted for publication in the Journal 
of Foraminiferal Research and has been recommended for acceptance pending 
minor to moderate revisions. 
• Chapter 3 describes in situ photochemical efficiencies of the anthozoans M. 
cavernosa, S. siderea and P. caribaeorum. These are three species whose benthic 
cover along the Florida reef tract has remained stable throughout the last several 
decades. 
• Chapter 4 examines the effect of symbiont loss on the net productivity of the A. 
gibbosa-diatom holobiont. 
• Chapter 5 offers a summary of the work completed for this dissertation and 
discusses future research directions in the study of photo-oxidative stress and the 
use of bioindicators. 
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Figures 
 
 
 
 
 
Figure 1. Live Amphistegina gibbosa. A) Normal, golden-brown color of Amphistegina gibbosa. 
B) A. gibbosa cluster on filamentous algae. 
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Chapter 2. 
Photochemical Efficiencies of Diatom Symbionts In Hospite in Amphistegina gibbosa 
(Foraminifera) Across Seasons in the Florida Keys, USA 
 
Note to the Reader: 
This chapter has been accepted for publication pending moderate revisions in the Journal of 
Foraminiferal Research for publication in 2016 under the authors: Natasha Mendez-Ferrer, 
Pamela Hallock, and David Jones. A copy of this manuscript is included in Appendix A.  
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Chapter 3. 
Temporal Variations in In Situ Maximum Quantum Yields of Benthic Anthozoans in the 
Florida Keys 
 
Abstract 
 
As populations of Acropora spp. and Orbicella spp. have declined along the Florida reef 
tract, populations of the scleractinians, Siderastrea siderea and Montastraea cavernosa, and the 
zoanthid, Palythoa caribaeorum, have remained relatively stable. The objective of this study was 
to assess temporal variability in photochemical efficiencies (Fv/Fm) of the dinoflagellate 
Symbiodinium symbionts in these three “survivor” species. Anthozoan colonies with no visual 
indication of disease or bleaching were assessed quarterly during the years 2012 and 2013, at 
sites at 6 and 18 m depths at Tennessee Reef. Colonies were dark-acclimated for at least 20 
minutes prior to measurements using pulse-amplitude modulated fluorometry. The mean Fv/Fm 
values for Palythoa caribaeorum at 6 m were consistently the lowest (0.59; 0.2 SE), and were 
significantly different between summer and autumn of 2012. Siderastrea siderea from the 6 m 
site revealed no significant differences in Fv/Fm (0.64; 0.2 SE) across the sampled months, and 
were significantly lower than for those living at 18 m depth (0.68; 0.2 SE). Colonies of 
Montastraea cavernosa at 18 m showed no significant differences in mean quantum yields over 
time (0.68; 0.2 SE). This study found no strong temporal/seasonal influence in the Fv/Fm in the 
examined species, supporting previous evidence for photoprotective mechanisms that allow them 
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to cope with fluctuations in temperature and solar irradiance while maintaining a functional 
photosystem II. In addition, both species from 6 m had an overall Fv/Fm lower than the two 
species from 18 m. These differences could be a result of the higher levels of photic and thermal 
stress levels at the shallower depth, or to differences in Symbiodinium clades among the taxa or 
between depths. This study provides the first known report of photochemical efficiency in P. 
caribaeorum. 
 
Introduction  
 
The loss in total coral cover and in potential for reef accretion in recent decades has been 
observed nearly worldwide, and especially throughout the western Atlantic and Caribbean.  
Following losses in coral cover after the 1997-98 El Niño bleaching event and the 2010 cold-
water mortality event that devastated Orbicella populations, Montastraea cavernosa Linnaeus 
1766 and Siderastrea siderea Ellis and Solander 1786 are now among the greatest contributors to 
total stony coral cover on the Florida reef tract (Ruzicka et al. 2010). And while reefs in the 
Florida Keys seem to be in a transition from hard coral to octocoral domination, coral-population 
studies on this region (Ruzicka et al. 2010, 2013) show that benthic cover by M. cavernosa and 
S. siderea has remained relatively stable, even following the 1997–98 El Niño.  
Benthic cover by zoanthids, or colonial anemones, has also remained unchanged 
(Ruzicka et al. 2013).  The common zoanthid Palythoa caribaeorum Duchassaing and Michelotti 
1860 is very abundant in shallow fore reefs around the Caribbean, Bermuda and south Florida 
(Kemp et al. 2006). Similar to corals, these zoanthids harbor Symbiodinium as endosymbionts 
and are also susceptible to bleaching due to thermal and irradiance stresses (Lesser et al. 1990). 
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With populations of the major reef-building species in rapid decline, research has tended 
to focus on the formerly dominant species of Acropora and Orbicella (Kimes et al. 2013; Enochs 
et al. 2014). In this study, I focus instead upon these three “survivor” taxa, by examining a time 
series of photochemical efficiency measurements of the anthozoans, M. cavernosa, S. siderea 
and P. caribaeorum, in situ at two depths. 
Photosynthesis by symbiotic Symbiodinium provides corals with energy needed for 
metabolism, growth and reef-building (e.g., Muscatine and Porter 1977; Barnes and Chalker 
1990). The photosynthetic capacity of these symbionts can be affected by an array of 
environmental stressors, with solar irradiance and thermal stress being the most studied, as these 
can lead to bleaching (e.g., Iglesias Prieto et al. 1992; Tchernov et al. 2004). A disturbance in the 
photosynthetic mechanism is commonly known as photoinhibition. In corals, photoinhibitory 
(photic) stress is influenced by temperature, water transparency, diurnal and seasonal solar 
radiation, water depth, chemical pollutants, and light-scattering properties of the coral tissue and 
skeleton (e.g., Enriquez et al. 2005).  Photo-protective mechanisms in response to 
photoinhibition include antioxidant enzymes and accessory pigments that dissipate excess energy 
in the form of fluorescence and heat (Ulstrup et al. 2008). 
Recent advancements in the studies of photosynthesis can aid in understanding how 
organisms with symbiotic algae can respond to a variety of stressors. Pulse-amplitude modulated 
(PAM) fluorometery has become a widely used tool to study stress in photosynthetic organisms 
by using chlorophyll a fluorescence as proxy to assess the photochemical efficiency of 
photosystem II (PSII) of the symbiont (Genty et al. 1989). Thermal and photic damage to PSII 
has been linked to symbiont loss in corals (Weis 2008; Lesser 2011). Damage to PSII can create 
a cascade of events that may result in an overall decrease in productivity of the symbiont, 
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resulting in less photosynthate available for the coral host (Lesser et al. 1990). PAM fluorometry 
can provide an insight into the photosynthetic capacity of PSII by measuring the ratio of variable 
fluorescence to maximum fluorescence (Fv/Fm= maximum quantum yield of PSII). Fluctuations 
in this number are then used to assess the impacts of thermal and photic stress in the 
photosynthetic organism (Fitt et al. 2001). For example, declines in Fv/Fm have been reported in 
corals with indications of bleaching, during diel fluctuations that correlate with the diurnal cycle 
of solar irradiance, and with seasonal changes in temperature and light (Brown et al. 1999; 
Warner et al. 2002; Brown and Dunne 2008). 
The purpose of this study is to assess photochemical efficiencies of the symbionts in 
these “survivor” taxa. I examined how in situ maximum quantum yields of photosystem II of the 
anthozoans, M. cavernosa, S. siderea and P. caribaeorum, varied through the year and between 6 
and 18 m depths. The working hypothesis was that photochemical efficiencies would change 
over the course of a year as irradiance and water temperature changed with seasons in the Florida 
Keys. My results may provide a piece to the puzzle of why populations of these anthozoans in 
the Florida Keys have remained relatively stable over the past few decades. 
 
Methods 
 
Field Work 
Field measurements were carried out quarterly, as close as logistics permitted to the 
solstices and equinoxes, between June 2012 and October 2013, at Tennessee Reef on the Florida 
reef tract. Two sites were selected along this reef: a 6 m site (24.7453˚, –80.7818˚) and an 18 m 
site (24.7523˚, –80.7549˚).  Colonies of Sidestrea siderea and Palythoa caribaeorum were 
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assessed at the 6 m site, while S. siderea and Monstastraea cavernosa were assessed at the 18 m 
site.  
 Each sampling event consisted of selecting three colonies of each species at each site. 
The colonies assessed during each sampling event were not always the same. The process of 
colony selection was stratified and haphazard, based on their predominance and “normal” 
coloration at the time of sampling. Specimens selected for study exhibited healthy coloration and 
no visible signs of disease or bleaching. The colonies were dark-acclimated for at least 20 
minutes by covering them under large, black plastic bags; those at 18 m were covered during an 
initial dive and assessed during a subsequent dive, following an appropriate surface interval. The 
fluorescence measurements where taken while keeping the colonies shaded, therefore 
measurements (three per colony) were taken “blindly” across each colony to avoid intrusion of 
outside sunlight. A Walz DIVING PAM fluorometer was used to measure the parameters F0 
(fluorescence after dark-acclimation) and Fm (fluorescence after a saturating flash of light). 
These measurements were then used to derive the mean maximum quantum yield of photosystem 
II [Fv/Fm= (Fm–F0)/Fm] for each colony. 
 
Statistical Analysis 
A non-parametric approach was used to test the null hypotheses of: a) no significant 
difference in Fv/Fm within species among sampling dates, and b) no significant difference in 
Fv/Fm between colonies of S. siderea at 6 m and 18 m. Permutation-based analysis of variance 
(NP-ANOVA; Anderson 2001) was carried out using the Fathom Toolbox for MATLAB (Jones 
2014).  
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Results 
 
Measurements of maximum quantum yields revealed that all taxa exhibited Fv/Fm values 
in the range of 0.37 through 0.78.  Based on dispersion analysis, the variability in Fv/Fm among 
the species was not significantly different (p=0.08).  
The mean Fv/Fm values for Palythoa caribaeorum (0.59; 0.2 SE); were consistently the 
lowest, ranging from 0.47 to 0.78 (Figure 3.1), with significant differences evident over time 
(Table 3.1). Further pairwise analyses (Table 3.1) showed that Fv/Fm was significantly lower in 
June 2012 (0.55; 0.01 SE) than in September 2012 (0.63; 0.02 SE).  
The Fv/Fm values for Siderastrea siderea at the 6 m site were not significantly different 
among sampling dates (0.64; 0.01 SE; Table 3.2). The mean Fv/Fm data from the 18 m site were 
significantly different through time, and pairwise analyses (Table 3.3) revealed significantly 
higher values in December 2012 (0.71; 0.01 SE) compared to April 2013 (0.65; 0.01 SE). The 
mean Fv/Fm values for colonies of S. siderea at 6 m (0.64; 0.01 SE) were significantly lower than 
for those living at 18 m depth (0.68; 0.01 SE; (Table 3.5). 
In colonies of M. cavernosa, no significant differences in Fv/Fm were seen over the course 
of the study (0.68; 0.01 SE; Table 3.4). Due to logistical issues, data from M. cavernosa were not 
collected in July 2013.  
 
Discussion 
 
Considering the relatively strong seasonality in both temperature and solar irradiance 
experienced by corals living along the Florida reef tract, I anticipated finding seasonal changes in 
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in situ maximum quantum yields of the corals assessed. Warner et al. (2002), examining colonies 
of three species of Orbicella from the Bahamas, found the greatest fluctuations in Fv/Fm from 
corals in shallow waters (1–2 m), whereas those from somewhat deeper waters (3–4 m and 14 m) 
produced consistently higher and less variable Fv/Fm values. They also found that the fluctuations 
in Fv/Fm where strongly correlated to seasonal patterns of water temperature and irradiance, with 
lower Fv/Fm consistently recorded during the summer months. Costa et al. (2013) found 
significant reduction in Symbiodinium densities in P. caribaeorum from Brazil during summer 
months. In addition, photosynthesis and respiration studies on Orbiscella (né Montastraea) 
faveolata colonies from the Florida Keys have also shown lower gross photosynthesis during the 
summer months (Swart et al. 2005).  
The expected seasonal patterns of lower Fv/Fm during warmer months and higher during 
colder months were not consistently observed in my study. Palythoa caribaeorum (6 m) showed 
some temporal influence in Fv/Fm between June and September 2012, while Siderastrea siderea 
(18 m) showed differences between December 2012 and April 2013. Although I worked at the 
same sites each time, the colonies assessed where not always the same. The inherent variability 
among colonies, small sample sizes, and the relatively short duration of my study could be 
reasons why seasonal trends were not readily evident. For example, S. siderea from 6 m had a 
marginally non-significant p-value (p=0.06) when comparing values among time points, so a 
larger dataset might have revealed a seasonal trend in Fv/Fm.  
On the other hand, given that fluctuations in Fv/Fm were quite minimal over time in all 
three species, this might provide clues as to how these species are handling photoinhibitory 
stress, especially for S. siderea. The Fv/Fm data from colonies from 6 m were significantly lower 
than from the colonies at 18 m, indicating that depth has an effect on the result (Fv/Fm), but not 
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on the way the organisms are responding to stress. The depth differences in Fv/Fm of the S. 
siderea in this study might be explained by genotypical differences between the symbionts 
(Ralph et al. 2002; Warner et al. 2006). Moreover, the differences between depths are consistent 
with previous reports of increase in Fv/Fm with depth in M. cavernosa in the Bahamas (Lesser et 
al. 2010). Finally, the differences in Fv/Fm values between the 6 m (0.64 for S. siderea) and 18 m 
(0.68 for S. siderea and M. cavernosa) are notably similar to with those reported by Lesser et al. 
(2010) for dark-acclimated M. cavernosa from similar depths.  
This study was carried out at the same time as a study of photochemical efficiencies of 
diatom symbionts in a reef-dwelling foraminifer, Amphistegina gibbosa (Appendix A). Contrary 
to the results found for Symbiodinium in these anthozoans, the Fv/Fm values for diatom symbionts 
in foraminifers (with no signs of bleaching) collected at the 18 m (0.71; 0.02 SD) site were not 
significantly different from those recorded at 6 m (0.73; 0.03 SD). The primary effect of depth 
was seen in how the Fv/Fm of the foraminifers at 6 m was more variable than at 18 m (Figure 
3.2). However, the foraminiferal symbionts did show a reduction in Fv/Fm in April 2013, similar 
to that seem in S. siderea. Incidences of partial bleaching in the A. gibbosa population during 
April 2013 were among the highest of all the months sampled. Both the bleaching incidence and 
the reduction in Fv/Fm occurred consistent with high mean visible radiation reaching the seafloor 
from April–June 2013 (Appendix A, Fig. A3). 
This paper reports the first known assessment of photosynthetic efficiencies of the 
zoanthid Palythoa caribaeorum. This common species is widely studied for its production of 
palytoxin and other potential biochemicals of medical interest (e.g., Munday 2011 and references 
therein), but much less is known regarding its responses to photic stress. Kemp et al. (2006) 
reported results of experiments on thermal tolerance, noting that this species in south Florida 
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harbored two genetic types of zooxanthellae (C1 and D1a), though thermal tolerance did not 
seem to be influenced by the clade of zooxanthellae present in the host. 
While in situ analyses of chlorophyll fluorescence cannot provide a full picture of the 
photosynthetic performance of a symbiotic organism, they can be useful tools for baseline and 
monitoring studies. The results from this project may contribute to understanding why these 
anthozoans and their symbionts are more successfully coping with current environmental 
conditions along the Florida reef tract. Additional work on the symbiont heterogeneity in these 
species, as well as coral tissue recovery after bleaching and other diseases, could provide 
valuable input into coral reef management and the effect of photic stress on coral populations in 
Florida reefs. 
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Tables 
 
Table 3.1.  One-way NP-ANOVA on the maximum quantum yield between sampling months for 
the zoanthid Palythoa caribaeorum; 5,000 permutations; α = 0.05; bold indicates significant 
difference. 
Factor  df F p 
Sampling month 
 
 5  1.4   0.28 
Residual  12 
 
  
Total  17 
    
 
 
Table 3.2. One-way NP-ANOVA on the maximum quantum yield between sampling months for 
colonies of Siderastrea siderea at 6 m depth; 5,000 permutations; α = 0.05. 
Factor  df F      p 
Sampling month 
 
   5 0.75 0.59 
Residual  14 
 
  
Total  19 
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Table 3.3. One-way NP-ANOVA on the maximum quantum yield between sampling months for 
colonies of Siderastrea siderea at 18 m depth; 5,000 permutations; α = 0.05.  
Factor  df F      p 
Sampling month 
 
 5 1.95 0.17 
Residual  12 
 
  
Total  17 
    
 
 
Table 3.4. One-way NP-ANOVA on the maximum quantum yield between sampling months for 
colonies of Montastraea cavernosa; 5,000 permutations; α = 0.05. 
Factor  df F      p 
Sampling month 
 
 4 2.41 0.09 
Residual  16 
 
  
Total  20 
    
 
Table 3.5. Two-way NP-ANOVA on the photochemical efficiency between 6 m and 18 m for 
colonies of Siderastrea siderea; 5,000 permutations; α = 0.05; bold indicates significant 
difference. 
Factor  df F p 
Depth 
 
 1 13.31 0.0006 
Residual  36 
 
  
Total  37 
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Figures 
 
 
 
Figure 3.1. Boxplot of the maximum quantum yields for Palythoa caribaeorum and Siderastrea 
siderea at 6 m depth, Montastraea cavernosa and S. siderea at 18 m depth. There are no data 
available for M. cavernosa for July 2013. 
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Figure 3.2. Comparison of the maximum quantum yields for: healthy Amphistegina gibbosa from 
6 m and 18 m (data from Chapter 2), and Siderastrea siderea from 6 m and 18 m.  
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Chapter 4. 
Effects of Symbiont Loss on the Primary Production of Amphistegina gibbosa 
(Foraminifera) 
 
Abstract 
 
Photosynthetic response to variations in irradiance (P-E curves) was measured for the 
diatom-bearing foraminifer Amphistegina gibbosa collected from the Florida reef tract. The 
analyses compared changes in photosynthetic parameters at three levels of bleaching: no 
bleaching, partial bleaching, and severe bleaching. Specimens were exposed sequentially to 12 
levels of irradiance (0–688 µmol photons m-2 s-1), with oxygen measurements after 10 minutes of 
illumination and values corrected for surface area (five specimens per replicate). Gross-
photosynthesis maxima (Pgmax) ranged from 7–27 nmol O2 h-1 mm-2. Pgmax was significantly 
lower in severely bleached foraminifers than for those with no or partial bleaching; specimens in 
the latter categories were not significantly different with respect to Pgmax. Photosynthetic 
efficiency as reflected by α and onset of saturation (Ek) were not significantly different between 
any of the categories of bleaching. The overall results reflect that P-E curves and their 
parameters for the categories of “no bleaching” and “partial bleaching” are those of diatoms 
acclimated to higher irradiance than those in the “severe bleaching” category. In addition, 
severely bleached specimens showed a lower rate of daily net photosynthesis, whereas the other 
two categories remained in a similar range. These results are consistent with laboratory 
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observations of reduced survival of severely bleached organisms, even when maintained in non-
stressful conditions. 
 
Introduction 
 
With the current environmental changes, organisms such as corals are surpassing their 
threshold limits for stability and carbonate accretion. Recent press releases are noting that the 
2014–2015 El Niño (extending into 2016) has caused the longest global coral-die off and 
bleaching event on record as a result of disease and heat stress (e.g., NOAA’s Coral Reef Watch, 
http://coralreefwatch.noaa.gov/satellite/index.php). After the severe 1998 El Niño, it took almost 
a decade for coral reefs to recover in some parts of the world (Brown and Suhasorno 1990; 
Sheppard et al. 2002; Golbuu et al. 2007; Ruzicka et al. 2013). With high-stress events occurring 
more frequently, corals reefs are failing to fully recover between events, as predicted by Hoegh-
Guldberg (1999).  
Bleaching is described as the loss of the host’s tissue color due to the expulsion of the 
symbiotic algae or degradation of their chloroplasts. This can be triggered by a variety of factors 
such as temperature stress (warm or cold), increased nutrient loads, and excessive solar 
irradiance (Brown and Dunne 2015). Corals are not the only reef organisms that are affected. 
Symbiont loss also has been documented in reef-dwelling benthic foraminifers such as 
Amphistegina gibbosa (Hallock et al. 1995, 2006). Benthic foraminifera are widely used as 
bioindicators of environmental conditions thanks to their relatively small sizes, abundance and 
ubiquity in marine environments (Resig 1960; Alve, 1995; Carnahan et al. 2009; many others).  
In reef environments, foraminifers that host algal symbionts, commonly known as larger benthic 
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foraminifers, are widely recognized as bioindicators (e.g., Hallock 2012 and references therein). 
Moreover, Amphistegina spp. are indicators of photo-oxidative stress due to their sensitivity to 
shorter wavelengths (300–490 nm) and their susceptibility to bleaching during spring and early 
summer months (Hallock 2000; Williams et al. 1997).  
Photosynthesis by symbiotic algae is critical for the metabolism of reef organisms such as 
corals and larger foraminifera, as photosynthesis provides energy in the form of carbohydrates 
and stimulates calcification (Muscatine et al. 1981; Hallock 1985). In addition, biomass of the 
organism is influenced by essential amino acids provided by the symbionts’ recycling of nitrogen 
compounds, and by lipid synthesis by the host of excess carbohydrates produced during algal 
photosynthesis (Wang and Douglas 1999; Grottoli et al. 2006). During a bleaching event, corals 
affected tend to show lower tissue-biomass, lower chlorophyll a content, and lower rates of 
photosynthetis (Porter et al. 1989; Rodrigues and Grottoli 2007).  
Based upon cytological studies, Talge and Hallock (1995, 2003) reported that, during 
bleaching, A. gibbosa digests its diatom symbionts as well as part of the endoplasm where the 
symbionts reside. This process begins from the outer-most chambers, which are directly exposed 
to light, and progresses inward. 
My study examined rates of photosynthesis and respiration at three levels of bleaching in 
A. gibbosa, with implications for how symbiont loss can influence the possibility of recovery 
following a sub-lethal bleaching event. Using photosynthesis vs. irradiance (P-E) curves, this 
research explored how degree of bleaching influences rates of gross and net respiration and 
photosynthesis, as well as photoacclimation of the symbionts under changing levels of 
irradiance. In all cases, the null hypothesis is that degree of bleaching has no effect on the 
response variable examined. 
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Methods 
 
Collection and Culturing of Specimens 
Bulk samples of Amphistegina gibbosa were collected from Tennessee Reef in the middle 
Florida Keys during 2012 and 2013. Protocol for collection and assessment of bleaching follow 
the methods described in Appendix A of this dissertation. Samples were transported to the 
laboratory and maintained under culturing conditions described in Table 4.1.  
 
Photosynthesis and Respiration 
Photosynthesis vs. irradiance (P–E) curves for each category of bleaching in A. gibbosa 
followed the Walker et al. (2011) protocol, using a Hansatech Oxytherm with a Clark-type 
oxygen electrode. The three categories of bleaching evaluated were based on a modified version 
than described in Appendix A, Figure A1: no bleaching (i.e., “healthy”), partial bleaching (i.e., 
“mottled”), severe bleaching (i.e., “very mottled” and “bleached”). The electrode was calibrated 
with air-saturated filtered seawater and seawater injected (bubbled) with nitrogen to purge the 
oxygen. Temperature in the chamber was controlled by the Oxytherm and kept at a constant 
25˚C during calibration and experiments, the same temperature at which the foraminifers were 
maintained prior to the experiments.  
Each replicate, per category, contained five specimens inside small mesh bags made from 
plankton net (0.3 mm mesh) that were suspended above the stir bar in a 1 ml volume of filtered 
(0.2 µm mesh) seawater. Individuals were hand picked and cleaned, using an artist brush, of any 
debris and algae that might have been attached to the test or to their rhizopodia. Diameters of 
non-bleached individuals were ~0.7 mm, whereas partial and severely bleached specimens were 
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~1 mm in diameter. Oxygen measurements were carried out in a dark room with a Hansatech® 
LS2 halogen bulb as the light source. Intensities of photosynthetically active radiation (PAR) 
were calibrated using a micro-quantum sensor inside the water-filled reaction chamber and using 
neutral-density filters for light attenuation. Knowing that A. gibbosa is susceptible to 
photoinhibition at irradiances higher than 100 µmol photons m-2 s-1 (e.g., Williams and Hallock 
2004; Walker et al. 2011), irradiances selected for the study focused on measurements at lower 
intensities. Groups of specimens were tested sequentially at: 0, 3, 9, 16, 28, 48, 63, 81, 102, 209, 
321, 431, 688, and 0 µmol photons m-2 s-1. The trial included measurements of oxygen 
concentration after one hour of darkness (dark respiration), then after 10 minutes at each 
illumination, and a final reading after 10 minutes in darkness (post-trial respiration).  
 
Data Analysis 
Photosynthesis rates by surface area were corrected for oxygen consumption/production 
per hour. Gross photosynthesis was estimated by adding the post-trial respiration rate to each 
measurement in light. This calculation was based on the assumption that respiration during 
periods of light is not equal to respiration during prolonged darkness, as the former includes 
photorespiration of the primary producer (i.e., Downton et al. 1976). Since this is a holobiont 
system, respiration represents oxygen consumption of the foraminifer and its symbionts. The 
photosynthetic parameters of Pmax and α were calculated after fitting the curves to Jassby and 
Platt’s (1976) equation for the relationship between photosynthesis and light: 
Pg= Pgmax tanh (α E/ Pgmax) 
where Pg is the gross-photosynthetic rate at light E, E equals irradiance, Pgmax is the maximum 
gross-photosynthesis rate, tanh is the hyperbolic tangent, and α is the slope of the curve 
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representing photosynthetic efficiency (i.e., how efficiently light is converted to chemical 
energy) of the organism (Cayabyab and Enriquez 2007). The curves were fitted using non-linear 
least-squares curve fitting in MATLAB 2014b, where observed Pg and E were used to solve for 
the unknowns, Pgmax and α. Results were bootstrapped to 95% confidence intervals to examine 
differences in the curves. Saturation irradiance (Ek) was calculated as: 
Ek = Pgmax/ α 
 
 Potential daily net productivity (DNP; nmoles O2 h-1 mm-2) was estimated as: 
 
DNP = (Pgmax × 10 hr) – [(LR × 10 hr) + (DR × 14 hr)] 
 
where LR is the respiration rate during ten minutes after the light trials, and DR is the respiration 
in prolonged darkness. This equation is based on the assumption that of the 24 hours in a day, 
near maximum photosynthesis takes place during ten hours per day.  
 
Results 
 
Because oxygen measurements tends to be highly variable, median values are reported 
(Fig. 4.1, Table 4.2). Although respiration rates among the three categories were similar, 
photosynthesis rates never exceeded respiration in the severely bleached specimens. During 
periods of light, photosynthesis only exceeded the respiration rate of the host in the no bleaching 
and partial bleaching categories (Fig. 4.1).  
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 Fitted curves for data converted to gross photosynthesis for each category are shown in 
Figure 4.2a-c, with the three curves directly compared in Figure 4.2d. The photosynthetic 
parameters, Pgmax, α, and Ek (Table 4.3), were derived from the fitted curves. Estimates of gross-
photosynthesis maxima (Pgmax) ranged from 7–27 nmol O2 h-1 mm-2, with Pgmax for “severely 
bleached” A. gibbosa showing significantly lower values than Pgmax for the other two categories, 
which did not differ significantly. There were no significant differences in either α or Ek among 
the three categories (Table 4.3). The Ek values had an overall range of 0.3–66 µmol photons m-2 
s-1, with those from the partial and severely bleached categories revealing larger ranges (Ek = 3–
55 and Ek = 6–66, respectively) than those in the no bleaching category (Ek = 0.3–20). It is worth 
noting that, for partial bleaching, Pgmax of the fitted curve for the raw data is higher than the one 
that would be calculated from the median curve. This could be a result of the high variability in 
the measured values. 
 Calculated daily estimates for net respiration (reported as nmoles O2 mm-2 day-1 of 
foraminifer) and associated parameters are presented in Table 4.4. Median dark respiration rates 
(DR) were based upon the measured rates of respiration after 1 hr of darkness, just prior to the 
start of the P-E curve measurements. These dark respiration rates were highest (most negative) 
for foraminifers exhibiting no bleaching, declining by about 17% in partly bleached, and by 25% 
in severely bleached individuals.  Respiration in the light (LR) was estimated from respiration 
rates measured 10 minutes after the end of the light trials. Light respiration rates again were 
highest in specimens exhibiting no bleaching, declining by about 15% in partly bleached 
individuals and by 45% in severely bleached specimens. Daily gross photosynthesis (GP), 
estimated by multiplying Pgmax times 10 hours of sunlight, revealed that partial bleaching reduced 
GP by about 17% compared to non-bleached specimens, while GP in severely bleached 
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individuals was reduced by 67%. On a 24-hr basis there was no net photosynthesis (Table 4.4), 
but rather net respiration with relatively similar values for all bleaching categories. Also, based 
on these calculations and assumptions, symbiosis is estimated as providing 65% of the energy 
budget for non-bleached and partly bleached A. gibbosa, with a reduction to 34% with severe 
bleaching.  
  
Discussion 
 
As expected, the degree of bleaching in Amphistegina gibbosa does indeed influence P-E 
curves and associated response variables. Despite substantial variability among trials of 
specimens of the same bleaching category (i.e., none, partial, or severe), both the median P-E 
data and fitted P-E curves revealed similar declines in photosynthesis with increased degree of 
bleaching.  Walker et al. (2011) similarly reported substantial variability between replicate trials 
of all five species of foraminifers hosting algal endosymbionts for which they reported P-E 
curves, also necessitating use of medians to clarify trends and differences among the species. 
High variability in the data can be an indicator of stress. For example, Fisher et al. (2007) 
did a comparative study between coral lesion-regeneration and environmental conditions. They 
found that under favorable environmental conditions, lesion regeneration was high, with limited 
variability. On the other hand, corals from sites under less than favorable conditions (e.g., close 
to urbanized coasts and not protected by tannins produced by mangroves) had lower and more 
variable rates of regeneration. They also found that the abundance of benthic foraminifera on 
those sites with less than favorable conditions were lower than in the sites with more favorable 
conditions.  
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Although α and Ek did not differ significantly among the degrees of bleaching, as 
reflected by the overlapping 95% confidence intervals, there were trends in the magnitude of the 
ranges. With α, the confidence intervals for “no bleaching” and “partial bleaching” were much 
greater than those for “severe bleaching”. This could be a result of: a) smaller sample size for 
“severe bleaching”; b) higher concentrations of symbionts in the “no bleaching” and “partial 
bleaching” trial specimens; or c) symbionts in the outer chambers, which are more exposed to 
light and need lower light levels to start photosynthesizing. 
The range for Ek was larger for the partial- and severe bleaching categories, which may 
indicate that the remaining symbionts in the inner (older) chambers may require higher 
irradiances to achieve maximum photosynthesis. A closer look at the P-E curve with median 
values shows the irradiances of 0–100 µmol photons m-2 s-1 (Figure 4.1D.) with a meandering 
trend that was also reported by Walker et al. (2011). Trials for all three categories show an initial 
peak at around 48 µmol photons m-2 s-1 and a subsequent one at 209 µmol photons m-2 s-1. 
Similar results were found in the rapid-light curve data reported in Appendix A. The 
relative electron transport rate was significantly lower for “very mottled” A. gibbosa than the 
“healthy” foraminifers, with intermediate values for the “mottled” category (Appendix A, Table 
A4; Figure A7.D; Figure A8.D). In addition, rapid-light curves did not reflect significant 
differences in α among the three categories evaluated. The Ek values were not significantly 
different either, varying between 35–67 µmol photons m-2 s-1, a range similar to the results from 
the current study of P-E curves.  
The results from this study also are consistent with growth experiments published by 
Hallock et al. (1986) and Williams and Hallock (2004). At lower light levels (i.e., 3.9 µmol 
photons m-2 s-1), A. gibbosa exhibited no signs of bleaching, though its growth was slower than 
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those cultured at higher irradiances. When cultured at 14 or 40 µmol photons m-2 s-1 without a 
place to hide from light (i.e., to utilize negative phototaxis), some A. gibbosa exhibited partial 
bleaching by the end of a three-month experiment (Hallock et al. 1986). Talge and Hallock 
(2003) similarly reported partial bleaching in ~20% of specimens maintained in culture at 25°C 
for 35 days at 13‒15 µmol photons m-2 s-1. 
Values for daily net photosynthesis did not exceed respiration requirements of the host, 
similar to results reported by Walker et al. (2011) for A. gibbosa and A. radiata (Table 4.5). This 
is not always the case with diatom-bearer foraminifers. The percent energy a foraminiferal host 
can obtain from its symbiont can be dependent upon factors such as flow, pH, irradiance, and 
composition of accessory pigments (e.g., Köhler-Rink and Kühl 2000; Köhler-Rink and Kühl 
2001, Fujita and Fujimura 2008). 
In light and dark respiration and gross photosynthesis, partial bleaching reduced both 
respiration rates and photosynthesis rates by ~15% compared with those parameters for 
specimens showing no bleaching. The effects of severe bleaching were both more dramatic and 
more variable, a 25% reduction in dark respiration rates, 45% in light respiration rates, and 67% 
reduction in rates of photosynthesis. These declines in respiration and photosynthesis rates are 
likely the result of loss of both symbionts and host protoplasm that occurs with bleaching (e.g., 
Talge and Hallock, 1995, 2003).  Based on these results, I can propose two objectives to better 
understand the differences in photosynthetic and behavioral adaptations of A. gibbosa. Further 
studies should examine: 1) the composition of accessory pigments between symbionts from the 
outer chambers versus those from the inner chambers, and 2) behavioral studies that examine 
motility and negative phototaxis, which could determine whether the reduction in overall 
photosynthate has an effect on the hosts’ ability to move around the substrate. 
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Tables 
 
 
Table 4.1. Controlled laboratory environmental conditions. 
Temperature 25 ± 1°C 
Light intensity Sunlight with a max of 8–10 µmol photon m-2 s-1 
Photoperiod  Diurnal cycle; 12 hr light–12/hr dark 
Containment Bulk transport from field: screw cap, wide-mouth plastic bottles 
Laboratory: 2-gallon aquaria 
Culture medium Control: Unfiltered seawater from collection site 
Experimental: Filtered seawater  
Salinity 36 ± 1 
pH 8.2 
Solution aeration Aerating pump in aquarium 
Renewal of media Once a month for aquaria 
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Table 4.2. Median values for measured respiration rates after 1 hour of darkness and 10 minutes 
after the last irradiance. [Min, max]. Values in nmol O2 h-1 mm-2. 
 
  n 
Initial 
respiration 
Post-trial 
respiration 
No bleaching 8 12 [6, 34] 
 
20 
[12, 62] 
 
Partial bleaching 
 
8 10 [3, 24] 
 
17 
[9, 55] 
 
Severe bleaching 3 9 
[8, 11] 
11 
[11, 14] 
 
 
Table 4.3. Photosynthetic parameters derived from fitted curve. Pgmax in nmol O2 h-1 mm-2. Ek 
µmol photons m2 s-1. Results were bootstrapped at 95% confidence interval [lower bound, upper 
bound]; 1,000 iterations; * and † symbols indicate significant difference between the pairs. 
  n Pgmax α Ek 
No bleaching 8 24
† 
[21, 27] 
 
3.7 
[1.4, 80.5] 
 
6 
[0.3, 20] 
 
Partial bleaching 8 20
* 
[16, 25] 
 
1.3 
[0.4, 6.0] 
 
15 
[3, 55] 
 
Severe bleaching 3 8*† 
[7, 9] 
0.3 
[0.1, 1.2] 
23 
[6, 66] 
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Table 4.4. Estimated daily productivity. Calculated daily values for: DR based on median 
measured respiration rate after 1-hr darkness [min, max], LR based on median measured 
respiration rate 10 minutes after light trials [min, max], GP= daily gross photosynthesis, and NP= 
daily net photosynthesis. All values are in nmol O2 day-1 mm-2 of foraminifer. * Negative values 
used to indicate oxygen consumption. 
 
 
n DR LR GP NP 
 
% 
autotrophy 
 
No bleaching 8 
 
-168 
[-84, -476] 
 
 
-200 
[-120, -620] 
 
240 -128 65% 
Partial bleaching 8 
 
-140 
[-42, -336] 
 
-170 
[-90, -550] 200 -110 65% 
Severe bleaching 3 
 
-126 
[-112, -154] 
 
-110 
[-110, -140] 80 -156 34% 
 
  
	   	   44	  	   	   	  
Table 4.5. Comparisons of how much of the energetic needs of other benthic foraminifera are 
supplied by their diatom symbionts (% autotrophy).  Values were taken from control treatments 
and adjusted based on calculations used in this study. 
 
 % autotrophy 
 
Amphistegina 
lobifera (Köhler-
Rink and Kühl 
2000) 
43% 
Amphistegina 
lobifera (Köhler-
Rink and Kühl 
2001) 
104% 
Baculogypsina sp. 
(Fujita and Fujimura 
2008) 
102% 
Amphistegina 
gibbosa (Walker et 
al. 2011) 
33% 
Amphistegina 
lessonii (Walker et 
al. 2011) 
42% 
Amphistegina 
radiata (Walker et 
al. 2011) 
15% 
Amphistegina 
gibbosa (Table 4.4) 65% 
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Figures 
 
 
 
 
Figure 4.1. Experimental net oxygen production for three categories of bleaching: A) No 
bleaching; B) Partial bleaching; C) Severe bleaching; and D) Median net-photosynthesis for all 
three categories. Note different scales on Y axes; reference line included for Y=0. 
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Figure 4.2. Calculated change in gross oxygen production for three categories of bleaching: A) 
No bleaching; B) Partial bleaching; C) Severe bleaching; and D) Median gross photosynthesis 
for all three categories. Note different scales on Y axes; reference line included for Y=0. 
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Figure 4.3. P-E curves fitted to the Jassby and Platt (1976) equation: A) No bleaching, fitted 
(line) and raw (points) data; B) Partial bleaching, fitted (line) and raw (points) data; C) Severe 
bleaching, fitted (line) and raw (points) data; and D) All fitted curves. Note different scales on Y 
axes. 
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Chapter 5. 
Conclusions 
 
 The focus of this dissertation was to explore how photic stress, expressed as seasonal 
variations in irradiance, variations in habitat depth, and bleaching can affect the photosynthetic 
performance of the symbionts of Amphistegina gibbosa (Class Foraminifera) and three symbiotic 
anthozoans: the zoanthid Palythoa caribaeorum, and the scleractinians Siderastrea siderea and 
Montastraea cavernosa. Photosynthetic capacity was analyzed using a pulse-amplitude 
modulated fluorometer to measure the maximum quantum yields of photosystem II of the algal 
symbionts in these reef organisms. The effects of bleaching on photoacclimation, estimated 
capacity to photosynthesize, and overall net productivity of the diatoms in A. gibbosa were 
assessed using rapid light curves (RLC) and photosynthesis vs. irradiance curves (P-E) based on 
oxygen production.  
 
Summary of Findings 
 
Chapter 2 reported that trends in bleaching of A. gibbosa along the Florida reef tract 
continues to be higher in the spring, summer and early fall months compared to late fall and 
winter. Photochemical efficiencies (Fv/Fm) of the symbionts seemed to be affected by depth, with 
symbionts from the shallower site (6 m) having more variable Fv/Fm than those from a deeper 
site (18 m). In addition, seasonality also influenced the Fv/Fm in specimens from the shallower 
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site, with significantly lower values reported during the summer months. Also, the reduction of 
symbionts did not have a significant effect on Fv/Fm, which suggests that foraminifers at 6 m are 
digesting their damaged symbionts and the remaining diatoms are functional, as indicated by the 
rapid light curves. The Fv/Fm at 18 m did not exhibit strong seasonal trends. In addition, similar 
to the results found at 6 m, symbiont loss did not have a significant effect on Fv/Fm. The relative 
electron transport rates (rETR) for specimens from 6 m and 18 m were significantly different 
between the “healthy” and “very mottled” foraminifers. The photosynthetic parameters of α and 
Ek were not significantly different. These latter two parameters were also evaluated in Chapter 4 
with similar results. 
In Chapter 3, the effects of season and depth on Fv/Fm were re-addressed, using 
anthozoans from the same 6 m and 18 m sites at Tennessee Reef. The organisms of study were 
Palythoa caribaeorum (6 m), Siderastrea siderea (6 m and 18 m), and Montastraea cavernosa 
(18 m). The presence of these three species in reefs of the Florida Keys has remained fairly 
unchanged during the past two decades, even after environmental stressors such as the El Niño 
event of 1998 (Ruzicka et al. 2013). Chapter 3 also shows that depth can influence Fv/Fm, with 
higher and less variable values for the colonies at 18 m compared with those at 6 m. There were 
no detectable temporal variations in the Fv/Fm of the species P. caribaeorum (6 m), S. siderea (6 
m), M. cavernosa (18 m), and S. siderea (18 m). Although not statistically significant, all taxa 
reveal a reduction in Fv/Fm during April 2013. 
Chapter 4 focused on the use of P-E curves to assess how symbiont loss can influence 
productivity of the symbiont in A. gibbosa. The results revealed a decrease in photosynthesis 
maximum for severely bleached A. gibbosa, although the slope of the curve (α) and the onset of 
saturation (Ek) were not significantly different among the categories of bleaching. On a daily 
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basis, A. gibbosa is considered a net consumer due to the oxygen production not surpassing daily 
respiration needs. Respiration rates, both in light and darkness (45% and 25% respectively) were 
also lower for severely bleached specimens. This could be a consequence of both symbiont loss 
and endoplasm loss in the foraminifer. 
 
Implications and Future Work 
 
Rapid light curves are not replacements for traditional P-E curves because the samples 
are not exposed to irradiance long enough for the system to stabilize (Ralph and Gademann 
2005). Nevertheless, in my study of A. gibbosa, RLCs show similar trends to the P-E curves. 
Thus RLCs are a useful tool to monitor changes in the photosynthetic performance of the 
symbionts in A. gibbosa, when properly calibrated. A common pitfall with RLCs is the apparent 
photoinhibition at high irradiances, when in actuality O2 production is remaining constant. The 
RLCs in this study do not show a decline in the curve (β; Platt et al. 1980), which would have 
indicated a reduction electron transport rate or O2 production as a consequence of 
photoinhibition. 
 Both types of light-response curves (i.e., RLC and P-E) showed no significant 
differences in α or Ek as a result of symbiont loss. The ranges for Ek were within similar ranges 
and were consistent with light tolerances reported for A. gibbosa in previous studies (Hallock et 
al. 1986; Williams and Hallock 2004; Walker et al. 2011). The primary effect of symbiont loss 
can be seen in the decrease of rETRmax and Pmax in the severely bleached specimens (Table 5.1). 
The fact that rETRmax and Pmax were the only parameters that differed significantly could indicate 
that non-photochemical quenching pathways (e.g., xanthophyll cycle), which aid in 
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photoacclimation, may be different between the algae in the outer chambers compared with those 
within the inner chambers. Therefore, future research should be directed towards analyzing the 
photosynthetic pigment composition as bleaching progresses as well as more extensive analyses 
of non-photochemical quenching (e.g., PAM fluorometry).  
In addition, studies comparing diatom concentrations and composition between normal-
appearing and partly bleached A. gibbosa could also provide additional input regarding the 
photosynthetic capacity of the symbionts. Previous culture studies have concluded that A. 
gibbosa hosts a variety of diatom symbionts (Lee et al. 1995), although more recent molecular-
genetic studies are now indicating that this foraminiferal species actually hosts a single taxon of 
diatom (Barnes 2016). The latter results would remove uncertainty in photosynthetic studies that 
many corals have, as they can host different clades of dinoflagellates at the same time. 
With the current advancements in technology and the creation of more precise 
instrumentation, the conversation about how endosymbiotic algae in corals and foraminifera are 
affected during bleaching events is one that keeps progressing. Every new discovery brings new 
questions. The use of A. gibbosa as a model organism to study photic-stress continues show 
promise. 
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Tables 
 
Table 5.1. Comparison of photosynthetic parameters obtained from light curves for A. gibbosa. 
Data from Chapter 2 and Chapter 4. H/NB= Healthy/No bleaching; M/PB= Mottled/Partial 
bleaching; VM/SB= Very mottled/Severely mottled. Significant difference between pairs 
expressed as: * = H/NB and VM/SB, and  † = M/PB and VM/SB. 
 RLC 
P-E curve  6 m 18 m 
 rETR
max α Ek 
rETR 
max α Ek P
g
max α Ek 
H/NB 22
* 
[21, 23] 
0.39 
[0.35, 0.44] 
56 
[47, 65] 
24* 
[23, 25] 
0.40 
[0.37, 0.44] 
60 
[53, 66] 
 
24* 
[21, 27] 
 
 
3.7 
[1.4, 81] 
 
 
6 
[0.3, 20] 
 
M/PB 21 [20, 22] 
0.39 
[0.35, 0.44] 
54 
[45, 61] 
23 
[21, 24] 
0.42 
[0.37, 0.49] 
55 
[46, 67] 
 
20† 
[16, 25] 
 
 
1.3 
[0.4, 6.0] 
 
 
15 
[3, 55] 
 
VM/SB 
 
18* 
[16, 20] 
 
 
0.39 
[0.32, 0.48] 
 
 
46 
[35, 60] 
 
 
20* 
[18, 21] 
 
 
0.44 
[0.38, 0.52] 
 
 
45 
[35, 54] 
 
 
8*† 
[7, 9] 
 
 
0.3 
[0.1, 1.2] 
 
 
23 
[6, 66] 
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ABSTRACT 
 
Benthic foraminiferal taxa that host algal endosymbionts can serve as model organisms to 
understand photo-oxidative stress in environments where algal symbioses are prevalent. This 
study examined photochemical performance of the diatom symbionts within the foraminifer 
Amphistegina gibbosa. Data on bleaching prevalence and photochemical efficiency for 
photosystem II (PSII) were obtained from specimens collected at Tennessee Reef, Florida reef 
tract, USA, as close as logistically feasible to each equinox and solstice in 2012 and 2013. 
Specimens were collected at 6 m and 18 m depths, isolated, visually characterized, and assessed 
for maximum quantum yield of PSII, using a pulse-amplitude modulated (PAM) fluorometer. 
Rapid-light curves were performed in the laboratory on specimens within a few hours of 
collection; specimens were exposed to nine levels of irradiance, increasing from 0–348 µmol 
photons m-2 s-1. Trials examined the effects of depth, sampling date, and degree of bleaching. 
Consistent with field studies in the 1990s, proportions of A. gibbosa populations exhibiting 
visible loss of symbionts (i.e., “bleaching”) were lowest in December, with between-season and 
between-year differences in maxima. Maximum quantum yields ranged from 0.66–0.76. 
Significant differences between sampling dates were found at the 6 m site, with highest yields in 
winter and lowest in summer. At the 18 m site, maximum quantum yields differed by both 
sampling date and degree of bleaching. Rapid light curves and associated derived-photosynthetic 
parameters differed between healthy specimens and those exhibiting extensive symbiont loss 
(i.e., “very mottled”), with the highest relative electron transport rates and minimum saturating 
irradiances found in healthy specimens from the 18 m site. Overall results indicate that even 
individuals exhibiting substantial symbiont loss retain at least some functional symbionts. 
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INTRODUCTION 
 
Increases in water temperature and in atmospheric CO2, along with nutrient loading and 
sedimentation from anthropogenic activities and other changes in water quality and transparency, 
are affecting the stability of coral reefs and making susceptible members of these ecosystems 
more prone to disease and mortality (Brown, 1997; Yentsch et al., 2002; Baker et al., 2008; Field 
et al., 2011; many others). Declining live-coral cover and ecological shifts have been reported 
worldwide (Pandolfi et al., 2005; Hoegh-Guldberg & Bruno, 2010; Ruzicka et al., 2010; many 
others). Reefs in the Florida Keys are not exempt from this phenomenon; white-band disease has 
decimated most Acropora stands, beginning in the 1970s, while massive coral-bleaching events 
occurred in 1983 and 1987 that were surpassed by the exceptional 1997–1998 El Niño event 
(Williams & Bunckley-Williams, 1990; Glynn, 1996; Maliao et al., 2008; Baker et al., 2008; 
Ruzicka et al., 2010). A critical question in reef research is: how are organisms with algal 
endosymbionts coping physiologically with the synergistic increases in thermal stress and in 
variability of solar irradiance in reef environments?  
Zooxanthellate corals can experience photo-oxidative stress beginning in early summer 
(e.g., Warner et al., 2002) and can lose more than 50% of their dinoflagellate symbionts 
(Symbiodinium spp.) with no visible color loss (Fitt et al., 2001). Thus, mass coral bleaching is 
generally not observed unless an anomalous thermal stress in late summer results in extreme loss 
of zooxanthellae. The two most common contributing factors for coral bleaching are above-
normal summer temperatures and high solar irradiance (Glynn, 1996; Lesser, 2011), yet how 
symbiotic algae are affected is not fully understood. Several studies have found a correlation 
between bleaching, oxidative stress and photodamage to the photosynthetic pathway, with 
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special focus on photosystem II (PSII), dark-reactions and thylakoid-membrane integrity (Hill et 
al., 2012, and references therein).  
For decades, members and assemblages of the Class Foraminifera have been used as 
proxies to understand environmental changes in marine ecosystems. Foraminifers are useful in 
field monitoring and laboratory experiments because they are widely distributed, respond quickly 
to environmental changes, are easily sampled, and their collection has minimal impact on 
environmental resources (Resig, 1960; Alve, 1995; Schafer, 2000; Carnahan et al., 2009; many 
others). Benthic foraminifers in coral-reef environments are used as bioindicators of 
environmental conditions conducive to recruitment and growth of calcifying organisms that host 
algal symbionts (Hallock et al., 2003; Nobes et al., 2008; Hallock, 2012, and references therein). 
Might photochemical responses of foraminifers that host algal symbionts provide further insight 
into photic-stress occurring in reef environments? 
Members of the foraminiferal genus Amphistegina, which host symbiotic diatoms, are 
abundant on reefs and carbonate shelves at tropical to warm-temperate latitudes nearly 
worldwide (Langer & Hottinger, 2000). Like many zooxanthellate corals, Amphistegina spp. are 
prone to bleaching, characterized in this case by deterioration and digestion of the diatom 
symbionts (Talge & Hallock, 1995, 2003). Moreover, Amphistegina spp. have been proposed as 
predictors of photo-oxidative stress because they are sensitive to shorter wavelengths (300–490 
nm) of solar radiation and tend to exhibit onset of bleaching in the spring, with highest 
incidences of bleaching typically found near the summer solstice (Hallock et al., 1995, 2006b). 
Although the earliest stage of symbiont deterioration, as described by Talge and Hallock (1995), 
can occur prior to visible color change, symbiont loss that is readily detectable using a 
stereomicroscope can occur within days of the onset of stress (Talge & Hallock, 2003). 
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Cytological study of early stages of bleaching in A. gibbosa d’Orbigny revealed degradation of 
cellular membranes and organelles (Talge & Hallock, 1995, 2003), consistent with mechanisms 
of oxidative stress proposed by researchers of coral bleaching (e.g., Tchernov et al., 2004; Stat et 
al., 2006) for disruption of the photosynthetic pathway in Symbiodinium. 
 
CHLOROPHYLL FLUORESCENCE AS A PROXY FOR PHOTOCHEMICAL EFFICIENCY 
 
In photosynthesis, chlorophyll a absorbs the excitation energy necessary to start the 
electron-transport chain in PSII that is required for carbon fixation. If temperature or solar 
irradiance are above a maximum threshold, chloroplasts may be damaged (Weis, 2008). Previous 
studies show a reduction in chlorophyll a concentrations, synthesis and fluorescence in corals 
that have been stressed with elevated ultraviolet (UV) or photosynthetically active radiation 
(PAR) (Brown, 1997; Brown and Dunne, 2008, and references therein). Le Tissier and Brown 
(1996) found significant algal and endodermal coral-tissue degradation mostly on apical cells of 
bleached polyps. Talge and Hallock (2003) found analogous cytological degradation in field and 
experimentally bleached A. gibbosa and its symbiotic diatoms. 
In addition to chlorophyll a, accessory pigments that absorb photons at wavelengths 
between 430 and 675 nm allow photosynthetic organisms to maximize use of solar energy. These 
pigments are part of antennae or light-harvesting complexes (LHCs) that direct energy towards 
the reaction centers (i.e., photosystems) and play a key role in photoprotection. The LHCs in 
diatoms are composed of chlorophyll c, carotenoids and xanthophylls, all of which have a role in 
photoprotection by dissipating excess energy as heat and provide antioxidant defense against 
reactive oxygen species (e.g., Derks et al., 2015; Kuczynska et al., 2015).  
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Moreover, heat stress in combination with solar irradiance can accelerate photodamage 
(Weis, 2008). Photoinhibition can be expressed as a reduction in the photochemical efficiency of 
PSII, which many studies report as maximum quantum yield (Fv/Fm) and effective quantum yield 
(∆F/Fm’) (Sinutok et al., 2013, and references therein). 
Photoinhibition of PSII can be assessed using pulse-amplitude modulated (PAM) 
fluorometry. This technique measures the ratio of variable fluorescence (Fv = Fm – F0) to 
maximum fluorescence (Fm) by exciting PSII with a saturation pulse (Jones & Hoegh-Guldberg, 
1999). The result of this ratio (Fv/Fm) is known as maximum quantum yield. Fitt et al. (2001) 
reported a species-specific range of 0.50–0.70 for healthy corals. Ziegler and Uthicke (2011) 
examined 17 species of foraminifers freshly collected from habitats on the Great Barrier Reef, 
Australia, reporting an Fv/Fm range from 0.44 in rhodophyte-bearing Peneroplis planatus 
(Fitchell and Moll) to 0.82 in diatom-bearing Alveolinella quoii (d’Orbigny). In laboratory 
experiments, Ziegler and Uthicke (2011) reported higher values in lower-light adapted specimens 
than in those from higher light treatments. 
In addition, PAM fluorometry can be used to create rapid-light curves (RLCs), from 
which relative electron transport rate (rETR) for each irradiance value can be obtained. Rapid-
light curves also provide information on the physiological flexibility of photosynthetic organisms 
to tolerate short pulses of increasing irradiance. Ziegler and Uthicke (2011) reported relatively 
small changes in the RLCs from Amphistegina lobifera Larsen, 1976 across three short-term 
light treatments, but substantial differences in RLCs of two other diatom-bearing species. In 
contrast, Nobes et al. (2008), also working with taxa from the Great Barrier Reef, reported very 
different RLCs between Amphistegina spp. cultured under low light and those under either high 
or intermediate light intensities. A study of the dinoflagellate-bearing Marginopora vertebralis 
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Quoy and Gaimard by Sinutok et al. (2013) reported significantly higher rETRmax in shaded 
versus light-exposed foraminifers. 
Earlier studies on A. gibbosa populations reported strong seasonal and depth trends in 
bleaching prevalence, consistent with photic stress, as well as substantial interannual variability 
in bleaching (Williams et al., 1997; Hallock, 2006a, b, and references therein). However, no 
previous studies of this western Atlantic species of Amphistegina have employed PAM 
fluorometry to explore photochemical efficiencies. The objectives of our study were to determine 
if season, habitat depth or degree of bleaching affect photochemical efficiency in the A. gibbosa 
holobiont (i.e., host with symbionts). The null hypotheses tested in this investigation assumed no 
significant changes in fluorescence yields or relative electron transport rates in A. gibbosa 
holobionts with depth, sampling month or degree of bleaching. Because numerous symbols and 
abbreviations are used throughout this manuscript, they are summarized in Table A1. 
 
METHODS 
 
COLLECTION OF ENVIRONMENTAL DATA AND SPECIMENS 
 
The study location for this project was Tennessee Reef, southeast of Long Key in the 
Florida Keys. This location is easily accessed from Keys Marine Laboratory (KML), a land-
based facility that provides boats and laboratory space. Specimens were collected at sites at 6 m 
(24.7453˚, –80.7818˚) and 18 m (24.7523˚, –80.7549˚) depths; sampling occurred seasonally, as 
close as logistically feasible to each equinox and solstice, during 2012 and 2013. Monthly means 
of sea-surface temperature data for those years were obtained from NOAA’s Advanced Very 
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High Resolution Radiometer (AVHRR) at 1 km2 resolution. Ultraviolet (UVA, 380 nm) and 
visible (light blue, 480 nm) bottom-available light data were calculated by protocols established 
by Barnes et al. (2013, 2014, 2015).  
Collection of specimens and protocol for assessment of bleaching prevalence in the A. 
gibbosa populations followed previously reported protocols (e.g., Hallock et al., 1995; Williams 
et al., 1997). Visual assessment was performed by counting each live A. gibbosa found in each of 
three samples per site per collection and categorizing each specimen according to the visual 
guide in Figure A1. 
Specimens for immediate post-sampling assessment using PAM fluorometry were 
collected via SCUBA by scrubbing (using a soft brush) pieces of reef rubble into a large plastic 
bag to collect all detached algae, foraminifers and associated sediment. The bag was placed 
inside a mesh transport bag, brought to the support boat, then placed in a bucket with seawater 
and covered to prevent thermal and photic stress until laboratory processing at KML. Once on 
land, samples were rinsed with ambient seawater to remove mud and excess organic matter, and 
then decanted into 150 mm diameter petri dishes. Adult (i.e., diameter >0.5 mm) A. gibbosa were 
removed and categorized by bleaching status (Fig. A1) for PAM fluorometry trials on the day of 
collection. 
 
PAM FLUOROMETRY 
 
A Walz® DIVING-PAM fluorometer was used to assess photochemical efficiencies of 
the symbiotic diatoms in the A. gibbosa holobionts. Three replicates from each bleaching 
category (3 individuals/replicate for a total of 9 specimens per category) were placed into each of 
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15 wells in custom-made, black Delrin® plates; each well was 9 mm in diameter and 3 mm deep 
(Fig. A2). This design ensures that all replicates receive the same amount of light from a constant 
distance. After 15 minutes of dark acclimation, minimum (F0) and maximum (Fm) fluorescence 
were measured, from which maximum quantum efficiency of photosystem II (Fv/Fm; Genty et 
al., 1989) was calculated (as described by Nobes et al., 2008). Dark acclimation allows for PSII 
to be fully open and the light absorption to be maximized (Fitt et al., 2001). The settings in the 
fluorometer were adjusted such that F0 was as close as possible to a range of 250–400, consistent 
with recommendations of the instrument’s manufacturer.  
The PAM fluorometer also was used to create RLCs over a range of nine increasing light 
intensities (0, 0.44, 4, 13, 44, 61, 95, 147, 239, and 348 µmol photon m–2 s–1). The light source 
was that of the PAM fluorometer and irradiance was measured and averaged using a Licor LI-
250 light meter and the fluorometer’s Fiber Quantum Sensor. Effective quantum-efficiency 
measurements (ΦPSII) were taken after exposing the holobionts for 1 minute to each light 
condition and used to calculate the relative electron-transport rates (rETR) according to the 
following equation:  
rETR= ΦPSII × PAR × 0.5 
where ΦPSII is the ∆F/Fm’ measured with the PAM fluorometer, PAR is the photosynthetically 
active radiation at a given point, and 0.5 is a constant assuming photons are divided equally 
between PSI and PSII (Consalvey, 2005, and references therein).  
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DATA ANALYSIS 
 
The null hypotheses that there were no significant differences in photochemical 
parameters in A. gibbosa holobionts with depth, sampling date or degree of bleaching were tested 
using nonparametric, permutation-based analysis of variance (NP-ANOVA; Anderson 2001). 
This type of analysis is not limited to normally distributed data. Pair-wise analyses were 
performed for those factors with statistically significant differences (α = 0.05). Two-way NP-
ANOVAs were used to test the interaction of the fixed-factors: sampling date and bleaching. 
These analyses were performed using the Fathom Toolbox for MATLAB (Jones, 2012) with 
5,000 permutation iterations (α = 0.05).  
Rapid light curves were fitted to the empirical equation of Platt et al. (1980). 
Bootstrapped 95% confidence intervals (CI) were calculated from light-curve parameters α 
(initial slope of the RLC), Ek (minimum saturating irradiance), and rETRmax (relative electron-
transport rate at light saturation) to examine the overlap in photosynthetic parameters (i.e., α, 
rETRmax, and Ek): among 1) “healthy”, “mottled”, and “very mottled” specimen categories; and 
2) between the 6 m and 18 m sites.  
 
RESULTS 
 
ENVIRONMENTAL CONDITIONS AND A. GIBBOSA POPULATIONS 
 
Monthly means (± SE) of sea-surface temperatures at the 6 m site at Tennessee Reef 
revealed a seasonal temperature range from winter lows of ~24º C and summer highs of ~29-30º 
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C during 2012–13 (Fig. A3. A). Visible light reaching the seafloor at 6 m and 18 m also showed 
the strong seasonal trend, peaking in May at both depths in 2012 (Fig. A3. B). In 2013, visible 
light reaching the seafloor peaked in June at 6 m and in July at 18 m. The UVA (380 nm) 
reaching the seafloor exhibited peaks in April and July or August at both depths both years (Fig. 
A3. B). 
Amphistegina gibbosa specimens with signs of bleaching were found at 6 and 18 m sites 
during all sampling dates, with a generally low prevalence overall and both seasonal and 
interannual variability evident (Figs. A4, A5). Fall samples both years, as well as April 2013 
samples, revealed more “slightly-mottled” specimens than summer months, while the minimum 
evidence of bleaching was recorded in December 2012.  
 
FLUORESCENCE PARAMETERS 
 
Data from PAM fluorometry were not available for the categories of “mottled” and “very 
mottled” for December 2012 and April 2013, nor for “bleached” specimens during any of the 
sampled dates, as specimens meeting these criteria were too sparse for replicates.  
Maximum quantum efficiencies (Fv/Fm) ranged between 0.66 and 0.76 for all replicates 
(Fig. A6). A significant difference was found in Fv/Fm between the 6 m and 18 m sites (P = 
0.0002; degrees of freedom=1, 118), therefore sites were independently examined for effects of 
sampling date and degree of bleaching.  
At the 6 m site Fv/Fm varied by sampling date, but not by degree of bleaching in the 
foraminifers, and there was no interaction between these two factors (Table A2. A). Further 
analyses comparing Fv/Fm differences by sampling date at 6 m revealed that values for specimens 
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collected in June 2012 (0.70, SD=0.03) were significantly lower than in specimens collected 
from all other dates, except for July 2013 (0.71, SD=0.02) (Table A3). Also, Fv/Fm in specimens 
collected in December 2012 (0.74, SD=0.01) were higher than in those from September 2012 
(0.73, SD=0.01), April 2013 (0.72, SD=0.01), and October 2013 (0.73, SD=0.01). 
 On the other hand, both sampling date and degree of bleaching influenced Fv/Fm from A. 
gibbosa specimens from 18 m. In addition; there was significant interaction between the factor 
“sampling date x bleaching” (Table A2. B). Further analyses indicated this interaction to be 
caused by the yield data from healthy June 2012 organisms. When those data were removed, the 
interaction effect disappeared and significant differences were found among sampling dates. A 
pairwise comparison of the data at 18 m reveals yields from July 2013 to be significantly higher 
than June 2012, September 2012, April 2013, and October 2013.  The overall mean 
photochemical efficiency for at the 18 m site was 0.73 (SD=0.02).  
 
RAPID LIGHT CURVES 
 
Unfitted RLCs showed substantial variability in rETR at high irradiance for specimens 
from “healthy”, “mottled”, and “very mottled” categories from both the 6 m (Fig. A7. A–C) and 
the 18 m (Fig. A8. A–C) sites. For fitted RLCs, no significant differences were found for the 
slope term (α range: 0.39–0.44) among bleaching categories or between sites (Table 5). For 
specimens from the 6 m site (Fig. A7. D), the mean rETRmax (µmol electrons m-2 s-1) for “very 
mottled” specimens [18; 95% CI (16, 20)] was significantly lower than for “healthy” specimens 
[22; 95% CI (21, 23)], while the mean rETRmax for “mottled” specimens was intermediate [21; 
95% CI (20, 22)]. Similarly, for specimens from the 18 m site (Fig. A8. D), the mean rETRmax 
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for “very mottled” specimens [20; 95% CI (18, 21)] was significantly lower than for “healthy” 
specimens [24; 95% CI (23, 25)], while values for “mottled” specimens ranged between those for 
the two other categories [23; 95% CI (21, 24)]. As a consequence, the calculated minimum 
saturating irradiance (Ek, µmol photons m-2 s-1) was lower for very mottled specimens (46 for 6 
m specimens, 45 for 18 m specimens) than for healthy (56, 60) or mottled (54, 55) specimens 
from 6 m and 18 m respectively (Table A5). 
 
DISCUSSION 
 
This study produced both predictable and surprising results. The observations of partial 
bleaching are consistent with those from nearly a decade of monitoring at Conch and Tennessee 
Reefs (Hallock et al., 2006a,b), and indicate that A. gibbosa populations are continuing to 
experience photo-oxidative stress that results in visible loss of symbiont color in some chambers. 
The surprising findings are that visible evidence of symbiont loss has limited influence on the 
maximum quantum efficiencies of remaining symbionts. 
 
POPULATION RESPONSE 
 
Seasonal changes in the proportions of A. gibbosa exhibiting symbiont loss were 
generally consistent with the nearly decade-long observations in the 1990s. Adult specimens in 
the A. gibbosa population along the Florida reef tract have continued to show some bleaching 
each year since the dramatic onset of bleaching in June 1991 (see Hallock et al., 2006a,b, and 
references therein). The prevalence, intensity, and both seasonal and between-year variability of 
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bleaching that we observed in specimens from Tennessee Reef are generally consistent with 
detailed data reported by Williams (2002).  
Symbiont loss in Amphistegina has been characterized as progressive, degenerative, and 
environmentally-induced (Hallock et al., 1995, 2006b). Juveniles (<0.5 mm diameter) freshly 
collected from field populations rarely exhibit any degree of bleaching, while large adults (>1 
mm) typically are the most extensively bleached. Moreover, acute bleaching stress results in 
mortality, while milder stress allows individuals to survive and continue to increase in diameter 
despite partial bleaching (e.g., Williams, 2002). This ability to survive and grow despite partial 
bleaching was first observed in laboratory experiments aimed at finding optimum light intensities 
for maintenance in culture (Hallock et al., 1986). Hallock et al. (2006b) described how the 
division of function between the endoplasm, where the symbionts reside, and the ectoplasm, 
which carries out feeding and chamber formation, can explain how the individual foraminifers 
can continue to live and grow despite visible loss of some of their endosymbionts. 
The initial observations of partial bleaching were made after more than a decade of field 
and laboratory studies of Amphistegina spp. (e.g., Muller, 1974, 1978; Hallock, 1979, 1981, 
1984). The first observation of partial bleaching in newly collected field specimens (Hallock et 
al., 1992) came from a very small sample from the Bahamas obtained during assessment of coral 
recovery following the 1987-88 bleaching (see Lang et al., 1992). Since discovery of bleaching 
in A. gibbosa along the Florida reef tract in summer 1991 (Hallock et al., 1992), some degree of 
bleaching has consistently been observed in populations in Florida and elsewhere (Hallock et al., 
2006a, b). The basic seasonal trend of spring onset mirroring increase in irradiance and 
preceding significant temperature increase, summer peaks near the solstice, and decline through 
the fall and winter was seen consistently between 1992 and 1999 (Williams et al., 1997; 
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Williams, 2002). Severity of bleaching within the populations varied interannually, for example, 
notably less bleaching and less obvious seasonality was recorded in 1997 and 1999 than in 1992–
96 and 1998 (Williams, 2002). Presence of bleaching in adult specimens tends to increase 
through the summer months because, although chronic stress causes degradation of some 
symbionts, such hosts can continue to live and grow, maintaining their “partly bleached” 
appearance for months (e.g., Hallock et al., 1986, 1995). 
Reproductive success and population densities tend to be inversely proportional to 
proportion of adult A. gibbosa exhibiting symbiont loss (Hallock et al., 1995; Williams et al., 
1997). The basic reproductive cycle of A. gibbosa in Florida reefs is autumn sexual reproduction 
by broadcasting of isogamous gametes, though whether the gametes carry algal cells is not 
known. Asexual reproduction by multiple fission, in which the dozens to hundreds of offspring 
are produced that carry diatom symbionts, is most common in spring and summer. As Hallock et 
al. (1995) reported, years with acute onset of symbiont loss in spring resulted in low numbers of 
juveniles that summer, while years with lower incidences of spring symbiont loss had much 
higher juvenile populations in summer.  
In 2012, the seasonal changes in percentages of the population showing some degree of 
bleaching are typical (Fig. A4). In years with limited spring bleaching, active asexual 
reproduction increases the proportions of juveniles in the population in late spring and early 
summer. As we observed (Fig. A5) the peak in percentages of adult specimens exhibiting some 
bleaching is commonly observed in summer and early autumn (Hallock et al., 2006a); in 2012, 
the peaks were 30–40%, indicating chronic photic stress through the spring and summer. As 
noted above, larger specimens exhibiting partial bleaching commonly accumulate in the 
population in late summer–autumn, with some surviving into the winter (Fig. A4). Note that the 
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majority of partly bleached individuals at the 18 m site fell into the “slightly mottled” category 
(Fig. A4.B). This is a typical pattern at the deeper (>10 m) sites, because the photo-oxidative 
stress is seldom “acute”. 
The bleaching percentages in 2013 showed an interesting trend, with the highest 
percentages of specimens exhibiting bleaching (~40%) in April and October. Without the data on 
light reaching the seafloor, this trend would be difficult to understand (Hallock et al., 2006a, b). 
However, bimodality in both visible light and UVA reaching the seafloor prior to the sampling 
events is evident in Figure A3. B–C. Moreover, mean visible radiation reaching the seafloor at 6 
m was higher from April–June and in August 2013, than in any month in 2012. The highest 
means for UVA were seen in August 2013. Solar radiation reaching the seafloor is a function of 
water transparency as well as of solar radiation reaching the sea surface, which is a function of 
season and cloud cover. As documented by Williams (2002), inter-annual variability in 
proportions of A. gibbosa specimens exhibiting bleaching is very common and seasonal trends 
are least evident in years when only low to moderate proportions of specimens exhibit some 
degree of bleaching. 
 FLUORESCENCE PARAMETERS 
 
The Fv/Fm mean values that we recorded in A. gibbosa in 2012–13 ranged from 0.70–
0.74, consistent with observations from related Indo-Pacific species. Ziegler and Uthicke (2011) 
reported an Fv/Fm range from 0.57–0.72 in field-collected A. lessonii d’Orbigny, A. lobifera 
Larsen, A. radiata Terquem, and up to 0.82 in other genera with diatom or dinoflagellate 
symbionts. Similar ranges also were found in Amphistegina spp. by Nobes et al. (2008) and 
Schmidt et al. (2011).  
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Because variable fluorescence (Fv) is the difference between Fm and F0, maximum light 
utilization efficiency of PSII (Fv/Fm), also known as maximum quantum yield, can be influenced 
by either photodamage or heat dissipation. Although the mean differences were subtle, we found 
that Fv/Fm in A. gibbosa from the 18 m site were generally higher than those from the 6 m site. 
Mean Fv/Fm was lowest in the summer collections (June 2012 and July 2013), and highest in 
December 2012 at the 6 m site. Nobes et al. (2008) reported that Fv/Fm values from Amphistegina 
spp. in low light treatments were consistently >0.6 while those from the medium light treatments 
were <0.6 and those from the high light treatments were ~0.5. Ziegler and Uthicke (2011) had 
two treatments, with the low light values at ~0.7 and the high light values at ~0.55). Schmidt et 
al. (2011) reported Fv/Fm of ~0.73–0.75 for A. radiata and Heterostegina depressa d’Orbigny 
incubated at 11–15 µmol photons at 23º C, that is, at light and temperature conditions that should 
not induce photo-oxidative stress in these taxa. Our observations and the other studies cited for in 
hospite symbionts are consistent with trends reported by Torres et al. (2014), who found that 
low-light adapted, free-living diatoms tend to have higher Fv/Fm than those that were high-light 
adapted.  
Enigmatically, the highest mean Fv/Fm values were recorded in July 2013 at our 18 m 
site. Those data were collected in early July. Solar radiation reaching the seafloor at 18 m during 
May and June 2013 (Fig. A3. B–C) was anomalously low and showed minimal variability in 
June, just prior to our field work. Consistently, the incidences of partial bleaching were also 
anomalously low in the samples collected in early July 2013. 
We did not expect to see the relative consistency in Fv/Fm even in individuals that were 
very mottled. One hypothesis for the lack of change might be repair of the diatoms’ 
photosystems during the few hours between collection and fluorometric analyses. Another 
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possibility is that the host digests damaged symbionts quickly, so most of the symbionts 
remaining even in mottled hosts are healthy and fully functioning. This hypothesis is consistent 
with cytological observations of Talge & Hallock (1995), who documented healthy-appearing 
symbionts in chambers adjacent to chambers with deteriorating symbionts. Note that when 
symbionts are lost from a chamber, the cytoplasm in that chamber (or part of a chamber) also 
deteriorates (Talge & Hallock 1995). This latter hypothesis of remnant healthy symbionts is the 
most likely explanation for “normal” Fv/Fm values for mottled specimens from the autumn, 
winter and early spring collections.  
Both processes, short-term repair and rapid digestion of deteriorating symbionts, may be 
active in specimens collected in summer. The standard deviations of the maximum 
photochemical efficiencies of the symbionts (Fig. A6) provide a hint that both processes were 
occurring in June 2012 and July 2013 in the 6 m data set. Note that the variability for these data 
are substantially greater than for the other months. Moreover, the means for the “healthy” 
replicates from June 2012 are the only means <0.7, which could indicate that the symbionts in 
these specimens were damaged and in early stages of deterioration (see Talge & Hallock, 1995). 
More detailed assessment of the process of symbiont stress and degradation in response to photic 
stress using fluorescence will require laboratory experiments in addition to assessment of 
freshly-collected field specimens.   
 
RAPID LIGHT CURVES 
 
The RLCs generated for A. gibbosa (Figs. A7, A8) revealed that symbiont loss influenced 
relative electron transport rates (rETRmax), which was anticipated as fewer symbionts collect less 
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radiant energy to induce electron transport. The rETRmax for very mottled specimens was ~20% 
lower than for healthy specimens.  
An interesting phenomenon was consistently seen in the raw data generated by the RLC 
measurements. The rETR was lower at 61 µmol photons m-2 s-1 than at 44 µmol photons m-2 s-1 
or at 95 µmol photons m-2 s-1. The rETR then increased up to 239 µmol photons m-2 s-1, with a 
subsequent drop at 348 µmol photons m-2 s-1. Very similar trends can be seen in the 
Photosynthesis vs. Irradiance curves for A. gibbosa, A. lessonii, and A. radiata in Walker et al. 
(2011). That study continued measurements of oxygen production out to 1300 µmol photons m-2 
s-1, finding a second dip at >200 µmol photons m-2 s-1 and an overall plateau out to ~500 µmol 
photons m-2 s-1, with photoinhibition evident thereafter. The light intensities used in our 
experiments were designed to explore responses to lower light intensities, as both Hallock et al. 
(1986) and Walker et al. (2011) demonstrated that photosynthesis in A. gibbosa can occur at very 
low light intensities (< 4 µmol photons m-2 s-1) and that photic stress can be documented at 
intensities < 40 µmol photons m-2 s-1. 
The parameters derived from the RLCs from A. gibbosa specimens, including rETRmax, α, 
and Ek, can be compared to those parameters previously reported for Indo-Pacific Amphistegina 
spp. Nobes et al. (2008) found the highest rETRmax (>20) in specimens from their medium- and 
high-light treatments of 96 day durations, and about 50% lower values in their low-light 
treatment. Ziegler and Uthicke (2011), using only a 2-day acclimation to three different light 
intensities, found relatively minimal differences in RLCs.  
Our RLCs are also consistent with an early laboratory experiment aimed at determining 
suitable light intensities for culture of A. gibbosa. Hallock et al. (1986) assessed growth after 84 
days in culture at four light intensities (3.9, 6.4, 14, and 40 µmol photons m-2 s-1) on a 12hr/12hr 
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light/dark cycle; response parameters were maximum diameter, thickness-to-diameter ratio, and 
mass. Specimens exposed to 14 or 40 µmol photons m-2 s-1 exhibited the most growth in all three 
parameters, though specimens “were pale or mottled in color” (p. 226) by the end of the 
experiment. Talge & Hallock (2003) documented cytologically that such color loss is evidence of 
loss of symbionts. The specimens grown under 6.4 µmol photons m-2 s-1 exhibited similar 
increase in maximum diameter, but produced significantly thinner shells, attaining 20% less 
mass during the experiment. Specimens grown at 3.9 µmol photons m-2 s-1 increased in 
maximum diameter 35% slower and attained 45% less mass than those grown at the two highest 
light intensities (Hallock et al., 1986). However, the specimens grown at the lower light levels 
maintained normal coloration throughout the experiment. Those results, and similar ones for A. 
lessonii in the same study (Hallock et al., 1986), are consistent with the rETR data in Figures A7 
and A8, and the Ek values in Table A5, that provide evidence for some degree of photoinhibition 
at >60 µmol photons m-2 s-1.  
Moreover, in culture, where the specimens are exposed consistently to the same light 
intensity for 12 hours at a time, with no variability to allow for repair and no place to hide from 
the light by negative phototaxis (Williams et al., 2004), the partial bleaching that occurred in 
experimental specimens at 14 and 40 µmol photons m-2 s-1 further indicates the low-light 
adaptation of these holobionts.  Both positive and negative phototaxis have been documented in 
benthic foraminifers with algal symbionts (Sinutok et al., 2013, and references therein), and their 
ability to seek shade during periods of high light can reduce the amount of stress they are 
receiving and allow for repair in their natural environments.  
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IMPLICATIONS OF THIS STUDY 
 
As noted in the Introduction, Amphistegina spp. are important contributors to carbonate 
production on coral reefs and other carbonate-shelf environments. They are also useful 
bioindicators of water quality (e.g., Hallock et al., 2012 and references therein), and of spring 
and early summer photic stress that may contribute to late summer, temperature-induced coral 
mass-bleaching events (Hallock et al., 2006a). Understanding how A. gibbosa responds to and is 
affected by photic stress is essential to using visible symbiont loss as a predictor of the 
probability of coral bleaching. The fluorometry data provide important insights into cytological 
observations, individual responses and population trends that have been observed since the 
discovery of light-induced symbiont loss in Amphistegina spp.  
 Although the prediction that visible symbiont loss would reduce maximum quantum 
yields was not supported, nonetheless, this study contributed to the overall goals of 
understanding the strengths and limitations of Amphistegina as bioindicators. For example, 
Hallock et al. (1986) documented that some visible symbiont loss did not reduce growth rates in 
90-day experiments. The cytological research by Talge & Hallock (1995, 2003) documented 
both rapid degradation and digestion of damage symbionts and the presence of normal-appearing 
symbionts in adjacent chambers in partly bleached A. gibbosa. Hallock et al. (1995) and 
Williams et al. (1997) noted that symbiont loss was typically progressive and degenerative in the 
years immediately following the onset of severe bleaching in summer 1991. However, they also 
noted late summer recovery of field populations and recovery in newly added chambers of partly 
bleached individuals in years when populations were less severely impacted in spring and early 
summer. And while partial bleaching does not prevent the individual foraminifer from 
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continuing to live and grow, it does reduce the foraminifer’s ability to produce a strong shell 
(Toler & Hallock, 1998), fend off predation (Hallock & Talge, 1994), and reduce the numbers of 
viable offspring produced during asexual reproduction (Hallock et al., 1995).  
Our study did not demonstrate that PAM fluorometery is a useful tool to assess damage 
to photochemical efficiency in field populations of A. gibbosa. These foraminifers are simply too 
small to be assessed in situ, so there is a time delay between collection and assessment. This 
delay allows either photochemical repair or digestion of affected symbionts, so that remaining 
symbionts are fully functional at the time of assessment. However, the low maximum quantum 
yields measured in the “healthy” June 2012 specimens, may indicate that some of the symbionts 
were damaged and not yet digested, consistent with observations of Talge & Hallock (1995).  
Our study confirmed that partly bleached A. gibbosa are capable of relatively normal 
function, though at somewhat reduced levels of photosynthesis. Our results support earlier 
recommendations for assessment of Amphistegina populations in late spring or early summer as 
a “low-cost” assessment tool (e.g., Hallock et al., 2006a). If Amphistegina populations are 
exhibiting substantial percentages of partly bleached adults, especially with low proportions of 
juveniles, reef management agencies should be informed and encouraged to utilize in-situ PAM 
fluorometery to assess the degree of pre-bleaching photo-oxidative stress is occurring in coral 
populations. 
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CONCLUSIONS 
 
• Amphistegina gibbosa populations at Tennessee Reef in the Florida reef tract continue to 
exhibit seasonal loss of symbionts (bleaching), with onset in spring and maximum prevalence 
in summer or early autumn. 
• Maximum quantum efficiencies (Fv/Fm) were higher and less variable in specimens collected 
at 18 m depth as compared to specimens collected at 6 m. 
• Maximum quantum efficiencies in specimens from the 6 m site were significantly lower in 
summer than in other months, and significantly higher in winter. 
• Maximum quantum efficiencies at the 18 m site revealed an interaction. A modified analysis 
did not reveal a strong seasonal pattern, other than data from July 2013 to be significantly 
higher than the majority of the dates studied. 
• For fitted rapid-light curves, no significant differences were found in the slope (α range: 
0.37–0.42) among bleaching categories or between sites. 
• The mean rETR for “very mottled” specimens was significantly lower than for “healthy” or 
“very mottled” specimens from both the 6 m and 18 m sites. 
• The calculated minimum saturating irradiance (Ek), which is a function of both α and rETR, 
was lower for very mottled specimens than for healthy or mottled specimens from both sites. 
• As a consequence of inherently rapid mechanisms to repair photic damage in the diatom 
endosymbionts of A. gibbosa, combined with rapid digestion of degraded symbionts, more 
detailed documentation of photic stress using pulse-amplitude fluorometry will likely require 
laboratory experiments rather than measurements on even freshly collected field specimens.  
 
	   	   78	  	   	   	  
ACKNOWLEDGMENTS 
 
Sampling in the Florida Keys was carried out under the Florida Keys National Marine 
Sanctuary permit number FKNMS-2011-011. Fieldwork was supported in part by the Cushman 
Foundation for Foraminiferal Research and SRI International. The Walz® PAM fluorometer was 
purchased under the BP/Gulf of Mexico Research Initiative through the Florida Institute of 
Oceanography. The custom-made, black Delrin® plates were designed by Gino González from 
the Center for Ocean Technology at the University of South Florida (USF). Special thanks to the 
NSF FG-LSAMP Bridge to the Doctorate award (HRD #0929435), the Alfred P. Sloan Minority 
PhD program, the USF Mayor’s Advisory Council Fellowship, and the Johanna M. Resig 
Fellowship from the Cushman Foundation, for financial support of N. Méndez-Ferrer. We also 
thank the staff of the Keys Marine Laboratory, as well as Andrea Schmidt, Benjamin Ross, Brian 
Barnes, Elizabeth Johnsey, Heidi Toomey, Joshua Kilborn, María Vega-Rodríguez, and Tiffany 
Boisvert for their help in collecting and sorting of the foraminifers. We thank Mark Warner and 
an anonymous reviewer for their comments that improved the manuscript. Brent Wilson kindly 
served as Guest Editor for this manuscript. 
 
REFERENCES 
 
Alve, E., 1995, Benthic foraminiferal responses to estuarine pollution; a review: Journal of 
Foraminiferal Research, v. 25, p. 190–203. 
Anderson, M. J., 2001, A new method for non-parametric multivariate analysis of variance: 
Austral Ecology, v. 26, p. 32–46. 
	   	   79	  	   	   	  
Baker, A. C., Glynn, P. W., and Riegl, B., 2008, Climate change and coral reef bleaching: an 
ecological assessment of long-term impacts, recovery trends and future outlook: 
Estuarine, Coastal and Shelf Science, v. 80, p. 435–471. 
Barnes, B., Hallock, P., Hu, C., Muller-Karger, F., Palandro, D., Walter, C., and Zepp, R., 2015, 
Prediction of coral bleaching in the Florida Keys using remotely sensed data: Coral 
Reefs, v. 34, p. 491–503. 
Barnes, B., Hu, C., Cannizzaro, J. P., Craig, S. E., Hallock, P., Jones, D. L., Lehrter, J. C., Melo, 
N., Schaeffer, B. A., and Zepp, R., 2014, Estimation of diffuse attenuation of ultraviolet 
light in optically shallow Florida Keys waters from MODIS measurements: Remote 
Sensing of Environment, v. 140, p. 519–532. 
Barnes, B., Hu, C., Schaeffer, B. A., Lee, Z., Palandro, D. A., and Lehrter, J. C., 2013, MODIS-
derived spatiotemporal water clarity patterns in optically shallow Florida Keys waters: A 
new approach to remove bottom contamination: Remote Sensing of Environment, v. 134, 
p. 377–391. 
Brown, B. E., 1997, Coral bleaching: causes and consequences: Coral Reefs, v. 16, p. S129–
S138. 
Brown and Dunne, R. P., 2008, Solar radiation modulates bleaching and damage protection in a 
shallow water coral: Marine Ecology-Progress Series, v. 362, p. 99–107. 
Carnahan, E., Hoare, A., Hallock, P., Lidz, B., and Reich, C., 2009, Foraminiferal assemblages 
in Biscayne Bay, Florida, USA: responses to urban and agricultural influence in a 
subtropical estuary: Marine Pollution Bulletin, v. 59, p. 221–233. 
Consalvey, M., Perkins, R. G., Paterson, D. M., and Underwood, G. J. C., 2005, PAM 
fluorescence: a beginers guide for benthic diatomists: Diatom Research, v. 20, p. 1–22. 
	   	   80	  	   	   	  
Derks, A.,  Schaven, K., and Bruce, D., 2015, Diverse mechanisms for photoprotection in 
photosynthesis. Dynamic regulation of photosystem II excitation in response to rapid 
environmental change: Biochimica et Biophysica Acta-Bioenergetics, v. 1847, p. 468–
485. 
Field, M., Ogston, A., and Storlazzi, C., 2011, Rising sea level may cause decline of fringing 
coral reefs: Eos Transactions American Geophysical Union, v. 92, p. 273–280. 
Fitt, W., Brown, B., Warner, M., and Dunne, R., 2001, Coral bleaching: interpretation of thermal 
tolerance limits and thermal thresholds in tropical corals: Coral Reefs, v. 20, p. 51–65. 
Genty, B., Briantais, J.-M., and Baker, N. R., 1989, The relationship between the quantum yield 
of photosynthetic electron transport and quenching of chlorophyll fluorescence: 
Biochimica et Biophysica Acta - General Subjects, v. 990, p. 87–92. 
Glynn, P. W., 1996, Coral reef bleaching: facts, hypotheses and implications: Global Change 
Biology, v. 2, p. 495–509. 
Hallock, P., 1979, Trends in test shape in large, symbiont-bearing foraminifera: Journal of 
Foraminiferal Research, v. 9,  p. 42–48. 
Hallock, P.,  1981,  Light dependence in Amphistegina: Journal of Foraminiferal Research, v. 11, 
p. 42–48. 
Hallock, P.,  1984,  Distribution of selected species of living algal symbiont-bearing foraminifera 
on two Pacific coral reefs:  Journal of Foraminiferal Research, v.14, p. 250–261.   
Hallock, P., 2012, The FoRAM Index revisited: uses, challenges, and limitations: Proceedings, 
12th International Coral Reef Symposium, Cairns, Australia, 9th–13th July 2012.  
http://www.icrs2012.com/proceedings/manuscripts/ICRS2012_15F_2.pdf 
	   	   81	  	   	   	  
Hallock, P., Forward, L., and Hansen, H., 1986, Influence of environment on the test shape of 
Amphistegina: Journal of Foraminiferal Research, v. 16, p. 224–231. 
Hallock, P., Lidz, B. H., Cockey-Burkhard, E. M., and Donnelly, K. B., 2003, Foraminifera as 
bioindicators in coral reef assessment and monitoring: The FoRAM Index: 
Environmental Monitoring and Assessment, v. 81, p. 221–238. 
Hallock, P., Talge, H., Smith, K., Cockey, E., 1992, Bleaching in a reef-dwelling foraminifer, 
Amphistegina gibbosa: Proceedings of the 7th International Coral Reef Symposium, 
Guam, June 1992, p. 42–47. 
Hallock, P., Talge, H. K., Cockey, E. M., and Muller, R. G., 1995, A new disease in reef-
dwelling foraminifera; implications for coastal sedimentation: Journal of Foraminiferal 
Research, v. 25, p. 280–286. 
Hallock, P., Williams, D., Fisher, E., and Toler, S., 2006a, Bleaching in foraminifera with algal 
symbionts: implications for reef monitoring and risk assessment: Anuário do Instituto de 
Geociências, Universidade Federal de Rio de Janeiro, v. 29, p. 108–128. 
Hallock, P., Williams, D., Toler, S., Fisher, E., and Talge, H., 2006b, Bleaching in reef-dwelling 
foraminifers: implications for reef decline: Proceedings, 10th International Coral Reef 
Symposium, Okinawa, Japan, p. 729–737. 
Hill, R., Larkum, A. W. D., Prasil, O., Kramer, D. M., Szabo, M., Kumar, V., and Ralph, P. J., 
2012, Light-induced dissociation of antenna complexes in the symbionts of scleractinian 
corals correlates with sensitivity to coral bleaching: Coral Reefs, v. 31, p. 963–975. 
Hoegh-Guldberg, O., and Bruno, J. F., 2010, The impact of climate change on the world’s 
marine ecosystems: Science, v. 328, p. 1523–1528. 
	   	   82	  	   	   	  
Jones, D., 2012, The fathom toolbox for MATLAB: multivariate ecological and oceanographic 
data analysis: http://www.marine.usf.edu/user/djones/ (April 19, 2015). 
Jones, R., and Hoegh-Guldberg, O., 1999, Effects of cyanide on coral photosynthesis: 
implications for identifying the cause of coral bleaching and for assessing the 
environmental effects of cyanide fishing: Marine Ecology-Progress Series, v. 177, p. 83–
91. 
Kuczynska, P., Jemiola_Rzeminska, M., Strzalka, K., 2015, Photosynthetic pigments in diatoms: 
Marine Drugs, v. 13, p. 5847–5881. 
Lang, J. C.,  Lasker, H. R.,  Gladfelter, E. H.,  Hallock, P.,  Jaap, W. C.,  Losada, F. J., and 
Muller, R. G., 1992, Spatial and temporal variability during periods of recovery after 
mass bleaching on western atlantic coral reefs: American Zoologist, v. 32, p. 696–706. 
Langer, M. R., and Hottinger, L., 2000, Biogeography of selected "larger" foraminifera: 
Micropaleontology, v. 46, p. 105–126. 
Lesser, M. P., 2011, Coral bleaching: Causes and mechanisms, in Dubinsky, Z., and Stambler, N. 
(eds.), Coral reefs: An ecosystem in transition: Springer, Netherlands, p. 405–419. 
Le Tissier, M. D. A., and Brown, B. E., 1996, Dynamics of solar bleaching in the intertidal reef 
coral Goniastrea aspera at Ko Phuket, Thailand: Marine Ecology-Progress Series, v. 136, 
p. 235–244. 
Maliao, R. J., Turingan, R. G., and Lin, J., 2008, Phase-shift in coral reef communities in the 
Florida Keys National Marine Sanctuary (FKNMS), USA: Marine Biology, v. 154, p. 
841–853. 
Muller, P. H., 1974, Sediment production and population biology of benthic foraminifer 
Amphistegina madagascariensis: Limnology and Oceanography, v. 19, p. 802–809. 
	   	   83	  	   	   	  
Muller, P. H., 1978, Carbon-14 fixation and loss in a foraminiferal algal symbiont system: 
Journal of Foraminiferal Research, v. 8, p. 35–41. 
Nobes, K., Uthicke, S., and Henderson, R., 2008, Is light the limiting factor for the distribution 
of benthic symbiont bearing foraminifera on the Great Barrier Reef?: Journal of 
Experimental Marine Biology and Ecology, v. 363, p. 48–57. 
Pandolfi, J. M., Jackson, J. B. C., Baron, N., Bradbury, R. H., Guzman, H. M., Hughes, T. P., 
Kappel, C., Micheli, F., Ogden, J. C., and Possingham, H., 2005, Are US coral reefs on 
the slippery slope to slime?: Science, v. 307, p. 1725. 
Platt, T., Gallegos, C. L., and Harrison, W. G., 1980, Photoinhibition of photosynthesis in natural 
assemblages of marine-phytoplankton: Journal of Marine Research, v. 38, p. 687–701. 
Ralph, P. J., and Gademann, R., 2005, Rapid light curves: a powerful tool to assess 
photosynthetic activity: Aquatic Botany, v. 82, p. 222–237. 
Resig, J. M., 1960, Foraminiferal ecology around ocean outfalls off southern california, in 
Pearson, E. A. (ed.), Waste Disposal in the Marine Environment: Pergamon Press, New 
York, p. 104–121.  
Ruzicka, R., Colella, M., Semon, K., Brinkhuis, V., Morrison, J., Kidney, J., Porter, J., Meyers, 
M., Christman, M., and Colee, J., 2010, CREMP 2009 Final Report: Saint Petersburg, 
FL, Fish and Wildlife Research Institute/Florida Fish and Wildlife Conservation 
Commission, 110 p. 
Schafer, C. T., 2000, Monitoring nearshore marine environments using benthic foraminifera: 
Some protocols and pitfalls: Micropaleontology, v. 46, p. 161–169. 
	   	   84	  	   	   	  
Schmidt, C., Heinz, P., Kucera, M., and Uthicke, S., 2011, Temperature-induced stress leads to 
bleaching in larger benthic foraminifera hosting endosymbiotic diatoms: Limnology and 
Oceanography, v. 56, p. 1587–1602. 
Sinutok, S., Hill, R., Doblin, M. A., and Ralph, P. J., 2013, Diurnal photosynthetic response of 
the motile symbiotic benthic foraminiferan Marginopora vertebralis: Marine Ecology-
Progress Series, v. 478, p. 127–138. 
Stat, M., Carter, D., and Hoegh-Guldberg, O., 2006, The evolutionary history of Symbiodinium 
and scleractinian hosts—Symbiosis, diversity, and the effect of climate change: 
Perspectives in Plant Ecology, Evolution and Systematics, v. 8, p. 23–43. 
Talge, H., and Hallock, P., 1995, Cytological examination of symbiont loss in a benthic 
foraminifera, Amphistegina gibbosa: Marine Micropaleontology, v. 26, p. 107–113. 
Talge, H., and Hallock, P., 2003, Ultrastructural responses in field‐bleached and experimentally 
stressed Amphistegina gibbosa (Class Foraminifera): Journal of Eukaryotic 
Microbiology, v. 50, p. 324–333. 
Tchernov, D., Gorbunov, M. Y., de Vargas, C., Narayan Yadav, S., Milligan, A. J., Häggblom, 
M., and Falkowski, P. G., 2004, Membrane lipids of symbiotic algae are diagnostic of 
sensitivity to thermal bleaching in corals: Proceedings of the National Academy of 
Sciences of the United States of America, v. 101, p. 13531–13535. 
Toler, S. K., and Hallock, P., 1998, Shell malformation in stressed Amphistegina populations: 
Relation to biomineralization and paleoenvironmental potential: Marine 
Micropaleontology, v. 34, p. 107–115. 
	   	   85	  	   	   	  
Torres, M. A.,  Ritchie, R. J.,  Lilley, R. M. C.,  Grillet, C., and Larkum, A. W. D., 2014, 
Measurement of photosynthesis and photosynthetic efficiency in two diatoms: New 
Zealand Journal of Botany, v. 52, p. 6–27. 
Walker, R. A., Hallock, P., Torres, J. J., and Vargo, G. A., 2011, Photosynthesis and respiration 
in five species of benthic foraminifera that host algal endosymbionts: Journal of 
Foraminiferal Research, v. 41, p. 314–325. 
Warner, M. E., Chilcoat, G. C., Mcfarland, F. K., and Fitt, W. K., 2002, Seasonal fluctuations in 
the photosynthetic capacity of photosystem II in symbiotic dinoflagellates in the 
Caribbean reef-building coral Montastraea: Marine Biology, v. 141, p. 31–38. 
Weis, V. M., 2008, Cellular mechanisms of cnidarian bleaching: stress causes the collapse of 
symbiosis: Journal of Experimental Biology, v. 211, p. 3059–3066. 
Williams, D., 2002, Population ecology of bleaching-stressed Amphistegina gibbosa in the 
Florida Keys (1991–1999): Influence of solar radiation on reef-dwelling foraminifera. 
Ph.D. Thesis, Univ. of South Florida, Tampa, 165 p. 
Williams, D. E., and Hallock, P., 2004, Bleaching in Amphistegina gibbosa d’Orbigny (Class 
Foraminifera): Observations from laboratory experiments using visible and ultraviolet 
light: Marine Biology, v. 145, p. 641–649. 
Williams, D. E., Hallock, P., Talge, H. K., Harney, J. N., and McRae, G., 1997, Responses of 
Amphistegina gibbosa populations in the Florida Keys (USA) to a multi-year stress event 
(1991-1996): Journal of Foraminiferal Research, v. 27, p. 264–269. 
Williams, E. H. J., and Bunkley-Williams, L., 1990, The world-wide coral reef bleaching cycle 
and related sources of coral mortality: Atoll Research Bulletin, p. 1–72. 
	   	   86	  	   	   	  
Yentsch, C. S., Yentsch, C. M., Cullen, J. J., Lapointe, B., Phinney, D. A., and Yentsch, S. W., 
2002, Sunlight and water transparency: cornerstones in coral research: Journal of 
Experimental Marine Biology and Ecology, v. 268, p. 171–183. 
Ziegler, M., and Uthicke, S., 2011, Photosynthetic plasticity of endosymbionts in larger benthic 
coral reef foraminifera: Journal of Experimental Marine Biology and Ecology, v. 407, p. 
70-80.  
	   	   87	  	   	   	  
TABLE CAPTIONS 
 
Table A1. List of abbreviations used in describing photochemical data. 
Table A2. Two-way, fixed-factor, NP-ANOVA on the interaction of sampling month (Jun-12, 
Sep-12, Dec-12, Apr-13, Jul-13, and Oct-13) and degree of bleaching (healthy, 
slightly mottled, mottled, very mottled) on photochemical efficiency; 5,000 
permutations; α = 0.05; bold indicates significant difference.  
Table A3. One-way NP-ANOVA on the photochemical efficiency between sampling sites (Jun-
12, Sep-12, Dec-12, Apr-13, Jul-13, and Oct-13) at 6 m; 5,000 permutations; α = 
0.05; bold indicates significant difference.  
Table A4. One-way NP-ANOVA on the photochemical efficiency between sampling sites (Sep-
12, Dec-12, Apr-13, Jul-13, and Oct-13) at 18 m; 5,000 permutations; α = 0.05; bold 
indicates significant difference. Data from “Healthy” specimens in Jun-12 was not 
used in this analysis due to interaction effect. 
Table A5. Light-curve parameters (rETRmax in µmol electrons m-2 s-1, α, and Ek in µmol photons 
m-2 s-1) obtained after fitting rapid light curves (RLCs) to the Platt et al. (1980) 
equation for 6 m and 18 m sites. N= number of RLC replicates. H= Healthy; 
M=Mottled; VM=Very Mottled. Results were bootstraped at 95% confidence interval 
[lower bound, upper bound]; 1,000 iterations; * and † symbols indicate significant 
difference between the pairs. 
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FIGURE CAPTIONS 
 
Figure A1. Visual guide for categorizing bleaching in A. gibbosa. 
Figure A2. Microplate design; 3 individuals per well. 
Figure A3. Monthly means (± SE) of sea-surface temperature and bottom available-light for the 
years 2012 and 2013. A) SST at Tennessee Reef, 6 m site. B) Bottom available-light 
in the visible range at 6 m and 18 m. C) UV bottom available-light at 6 m and 18 m. 
Figure A4. Percentage of A. gibbosa specimens exhibiting some degree of bleaching (see Fig. 1) 
collected from: A) 6 m and B) 18 m depths.  
Figure A5. Average percentage (± SD) of adult (i.e., diameter > 0.5 mm) A. gibbosa specimens 
with signs of bleaching.  
Figure A6. Average (± SD) measured photochemical efficiency (Fv/Fm) for each month sampled 
and each degree of bleaching from: A) 6 m and B) 18 m sites. There were insufficient 
specimens for replication of Mottled and Very Mottled categories for the months of 
December 2012 and April 2013. 
Figure A7. Rapid light curves for organisms at 6 m: A) Healthy, B) Mottled, C) Very Mottled, 
and D) Curves fitted to Platt et al. (1980). 
Figure A8. Rapid light curves for organisms at 18 m: A) Healthy, B) Mottled, C) Very Mottled, 
and D) Curves fitted to Platt et al. (1980). 
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Mendez-Ferrer, Table A1 
 
Term  Description          
LHC  light harvesting complex 
PAM  pulse-amplitude modulated 
PAR  photosynthetically active radiation (µmol photons m-2 s-1) 
UV  ultraviolet radiation 
PSII  Photosystem II 
RLC  rapid light curve 
NP-ANOVA  nonparametric, permutation-based analysis of variance 
SD  standard deviation 
N  number of replicates 
F0  minimum fluorescence yield (dimensionless)  
Fm  maximum fluorescence yield during the saturation pulse (dimensionless) 
Fv  variable fluorescence, Fv = Fm – F0 (dimensionless) 
Fv/Fm maximum light-utilization (i.e., quantum) efficiency of PSII, measured in 
darkness (dimensionless) 
ΦPSII  light-utilization efficiency, measured in light (dimensionless) 
rETR  relative electron transport rate, rETR= ΦPSII x PAR x 0.5 (µmol electrons m-2 s-1) 
α  slope of the light-limiting region 
Ek  minimum saturating irradiance, Ek= rETRmax/α (µmol photons m-2 s-1) 
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Mendez-Ferrer, Table A2 
 
A 
Factor 
(6 m) 
df F p 
 B 
Factor 
(18 m) 
df F p 
Sampling  5 7.44 0.001  Sampling  5 16.7 0.001 
Bleaching 3 2.58 0.064  Bleaching 3 5.61 0.006 
Sampling vs. bleaching 15 1.17 0.334  Sampling vs. bleaching 15 7.87 0.001 
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Mendez-Ferrer, Table A3 
 
Factor  df F p 
Sampling month 
 
 5 6.55 0.0002 
Residual  54 
 
  
Total  59 
    
Comparison*  t p 
Jun-12 vs. Sep-12  3.18 0.005 
Jun-12 vs. Dec-12  3.67 0.003 
Jun-12 vs. Apr-13  2.25 0.044 
Jun-12 vs. Jul-13  1.5 0.147 
Jun-12 vs. Oct-13  3.27 0.005 
Sep-12 vs. Dec-12  2.26 0.039 
Sep-12 vs. Apr-13  0.27 0.797 
Sep-12 vs. Jul-13  2.05 0.052 
Sep-12 vs. Oct-13  0.12 0.92 
Dec-12 vs. Apr-13  2.4 0.048 
Dec-12 vs. Jul-13  3.41 0.004 
Dec-12 vs. Oct-13  2.8 0.012 
Apr-13 vs. Jul-13  1.45 0.164 
Apr-13 vs. Oct-13  0.22 0.814 
Jul-13 vs. Oct-13  2.14 0.043 
* Pair-wise a posteriori tests among sampling dates  
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Méndez-Ferrer, Table A4 
 
Factor  df F p 
Sampling month 
 
 5 6.32 0.0002 
Residual  51 
 
  
Total  56 
    
Comparison*  t p 
Jun-12 vs. Sep-12  0.68 1 
Jun-12 vs. Dec-12  1.32 0.98 
Jun-12 vs. Apr-13  1 1 
Jun-12 vs. Jul-13   4.22 0.02 
Jun-12 vs. Oct-13  0.36 1 
Sep-12 vs. Dec-12  1.22 0.99 
Sep-12 vs. Apr-13  1.87 0.64 
Sep-12 vs. Jul-13  4.98 0.003 
Sep-12 vs. Oct-13  0.21 1 
Dec-12 vs. Apr-13  2 0.55 
Dec-12 vs. Jul-13  2.72 0.19 
Dec-12 vs. Oct-13  0.97 1 
Apr-13 vs. Jul-13  4.58 0.006 
Apr-13 vs. Oct-13  1.35 0.97 
Jul-13 vs. Oct-13  3.88 0.015 
* Pair-wise a posteriori tests among sampling dates 
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Mendez-Ferrer, Table A5 
 
  6 m 18 m 
   n  rETRmax α  Ek n   rETRmax α Ek  
H 18 22
* 
[21, 23] 
0.39 
[0.35, 0.44] 
56 
[47, 65] 18 
24† 
[23, 25] 
0.40 
[0.37, 0.44] 
60 
[53, 66] 
M 18 21 [20, 22] 
0.39 
[0.35, 0.44] 
54 
[45, 61] 15 
23 
[21, 24] 
0.42 
[0.37, 0.49] 
55 
[46, 67] 
VM 9 18
* 
[16, 20] 
0.39 
[0.32, 0.48] 
46 
[35, 60] 12 
20† 
[18, 21] 
0.44 
[0.38, 0.52] 
45 
[35, 54] 
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Mendez-Ferrer Fig. A1 
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Mendez-Ferrer Fig. A2 
 
 
  
3 mm 
9 mm 
	   	   96	  	   	   	  
Mendez-Ferrer Fig. A3 
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Mendez-Ferrer Fig. A4 
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Mendez-Ferrer Fig. A5 
 
 
 
  
0%
20%
40%
60%
80%
100%
Mar-12 Jun-12 Sep-12 Dec-12 Apr-13 Jul-13 Oct-13
6 m 18 m
B
le
ac
hi
ng
 in
ci
de
nc
es
 
	   	   99	  	   	   	  
 
Mendez-Ferrer Fig. A6 
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Mendez-Ferrer Fig. A7 
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Mendez-Ferrer Fig. A8 
 
 
 
 
0 50 100 150 200 250 300 350
0
5
10
15
20
25
30
Fitted Curves
Healthy
Mottled
Very Mottled
rE
TR
 (µ
m
ol
 e
le
ct
ro
ns
 m
-2
 s
-1
)
0.44 4 13 44 61 95 147 239 348
0
5
10
15
20
25
30
Very Mottled
 
rE
TR
 (µ
m
ol
 e
le
ct
ro
ns
 m
-2
 s
-1
)
0.44 4 13 44 61 95 147 239 348
0
5
10
15
20
25
30
Healthy
 
rE
TR
 (µ
m
ol
 e
le
ct
ro
ns
 m
-2
 s
-1
)
A B
PAR (µmol photon m-2 s-1) PAR (µmol photon m-2 s-1)
PAR (µmol photon m-2 s-1) PAR (µmol photon m-2 s-1)
C D
0.44 4 13 44 61 95 147 239 348
0
5
10
15
20
25
30
Mottled
rE
TR
 (µ
m
ol
 e
le
ct
ro
ns
 m
-2
 s
-1
)
PAR (µmol photon m-2 s-1)
